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PATHFINDER SURFACE POWER 

PROJECT PLAN 
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1.0 EXECUTIVE SUMMARY 

1.1 Objective and Goals 

The objective of the Pathfinder Surface Power Program is t o  develop 

solar-based power technology t o  a level of readiness sufficient t o  enable or  

enhance extraterrestr ia l  surf ace missions. 

The objective w i l l  be achieved t h r o u g h  advancing the technologies of 

energy storage v i a  regenerative fuel ce l l s ,  power generation v i a  amorphous 

s i l icon based photovoltaic arrays and coupling them together w i t h  an advanced, 

low mass reliable e lectr ical  power management subsystem. Integration of these 

three subsystem technologies hold great promise fo r  achieving the goal of a 

power system d e s i g n  which has a reliable l i f e  i n  excess of 20,000 hours a t  a 

specific power of 3 W/kg for  Lunar applications and 8 W/kg for Martian 

applications. 

1.2 Organi  z a t  i on and Management 

The overall program wi l l  be managed by a Program Manager i n  the OAST 

Propulsion, Power and Energy Div i s ion  (Code RP) .  

responsibility will  reside i n  the Power Systems Integration Office of LeRC's 

Power Technology Division. 

responsibil i ty of i n s u r i n g  that specific technology ef for t s  are coordinated 

through matrixed responsibil i t ies of subproject managers i n  each technology 

discipl ine.  

w i t h i n  the LeRC Technology Power Division as well as expertise available i n  

the LeRC Advanced Space Analysis Office, the Jet Propulsion Laboratory (JPL), 

Technology project management 

The technology project manager will have the 

The technology project manager wil l  u t i l i ze  discipline branches 



and other appropriate organizations. 

structure for  the Surface Power Element of the Pathfinder Program. 

1.2.11 shows the work breakdown structure which will be the bases for  

management and reporting. 

1.3 Schedule and Deliverables 

Figure 1.2.1 depicts the management 

Figure 

The schedule and appropriate milestones for  each project element i s  

shown i n  Figure 1.3.1. A t  the end of the 5 year Phase I program, components 

and subsystems will have been developed for  a confident d e s i g n  of a power 

system delivering reliable surface power a t  the 3 to  8 W/kg level. 

The deliverables a t  the end of f iscal  year 1993 contain c r i t i ca l  

technology elements from each of the three project subsystems, power 

generation, energy storage and electrical  power management as  well as system 

designs integrating subsystem technology potentials. 

In 1993, amorphous silicon ce l l s  and associated blankets will have a 

demonstrated performance of 2000 W/kg ( A M O )  -? a subscale power level of 1 kW. 

A compatible array structure conceptual desi: I will have been completed at  the 

0.46 kg/m level. 

reference design of a 300 W/kg (AMO)  array. 

I 

2 The blanket and structure technology wi l l  permit a 

By 1993 the regenerative fuel cel l  technology will have advanced t o  

a demonstration o f  a fu l l  area fuel ce l l s  and electrolyzer ce l l s  a t  a combined 

65% efficiency level. The cel l  s i t e  will be compatible w i t h  subsequent 12.5 kW 

breadboard demonstrations i n  Phase I 1  of the project. Fuel cel l  and electro- 

ly te r  stacks as well as ancillary and reactant storage concepts evolved during 

the Phase I f ive  

and 1000 W-hr/kg 

year project will be compatible w i t h  the 500 W-hr/kg Martian 

Lunar surface application goals. 
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I n  1993 an electr ical  power management subsystem concept compatible 

w i t h  a 55 kg/kWe performance level will be ready. A l s o ,  cr i t ica l  components 

for  a 110 kg/kWe will have been verified. 

Through an integration of subsystems i n t o  a surface power system 

reference design, a 8 W/kg Martian power system and a 3 W/kg Lunar  power 

syst.em meeting established mission requirement w i  11 be provided. 

1.4 Resources 

Table 1.4.1 contains the estimated human and financial resources 

required t o  meet aforementioned milestones and deliverables. As shown i n  th is  

table,  the concentration of resources w i l l  be i n  the power generation and 

energy storage elements. 

elements will  be devoted t o  evaluating impacts of subsystem integration and 

g u i d i n g  technology pursuits. 

Electrical power management and system integration 
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2.0 INTRODUCTION 

2.1 Pathf inder  Overview 

Pro jec t  Pathf inder i s  a National Aeronautics and Space Admin is t ra t ion 

(NASA) i n i t i a t i v e  t o  develop c r i t i c a l  c a p a b i l i t i e s  f o r  t he  f u t u r e  o f  t he  c i v i l  

space program. Pathfinder does not, i n  i t s e l f ,  represent a commitment t o  any 

p a r t i c u l a r  mission. However, through Pathfinder, t he  NASA O f f i c e  o f  

Aeronautics and Space Technology (OAST) w i  11 develop a v a r i e t y  o f  high-leverage 

technologies t h a t  can be applied i n  a wide range o f  p o t e n t i a l  f u t u r e  NASA 

programmatic th rus ts ;  (1 )  Explorat ion, ( 2 )  Operations, ( 3 )  Humans-In-Space, 

and ( 4 )  Transfer Vehicles. 

The Surface Power Program i s  one o f  f i v e  elements under the Explorat ion 

t h r u s t .  Besides Surface Power, t he  other  elements include: Planetary Rovers; 

Sample Acquis i t ion,  Analyses and Construction; Autonomous Rover; and Photonics. 

2.2 P ro jec t  Plan Purpose and Scope 

T h i s  p r o j e c t  p lan f o r  Pathf inder Surface Power has the ob jec t i ve  o f  

d e f i n i n g  the  technologies and the  methodo ogies needed t o  s a t i s f y  the  

techn ica l  goals of  the program. To m i n i m  ze technology r i sks ,  the p r o j e c t  

p lan w i l l  de f i ne  the schedule, milestones and resources needed f o r  successful 

completion of a Phase I f i v e  year e f f o r t .  Wi th in  t h e  Pro ject  Plan, each 

technology s h a l l  have a defined de l i ve rab le  advancing the  s tate-of - the-ar t  

commensurate w i t h  the  needs o f  the fol low-on phase of  the p ro jec t .  

range plans are d i rec ted  at  incorporat ing technologies developed i n  Phase I 

i n t o  power system demonstrations ant ic ipated i n  t h e  5 year Phase I 1  e f f o r t .  

The long 

Each technology f o r  a solar-based surface power system, i.e., power 

generation, energy storage and e l e c t r i c a l  power management, w i  11 be def ined as 

t o  t h e i r  goal and approach t o  a t t a i n  t h i s  goal. 

of the p ro jec t ,  r o l e s  and r e s p o n s i b i l i t i e s  o f  program and p r o j e c t  managers w i l l  

be defined, as w e l l  as an i d e n t i f i c a t i o n  of  r e p o r t i n g  and c o n t r o l  processes. 

4 
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3.0 PATHFINDER SURFACE POWER PROJECT OVERVIEW 

3.1 Objectives and  Goals 

The objective of the Pathfinder Surface Power program, s imply stated,  i s  

t o  develop solar-based power technology t o  a level of readiness sufficient t o  

enable or  enhance extrat errest  ri a1 surf ace m i  ss i  ons . 
The thrust of the Surface Power Program i s  t o  develop a technology base i n  

the areas of solar power generation, energy storage and e lectr ical  power 

management, sufficient t o  direct subsequent system demonstration of low mass 

power systems capable of delivering 25 kWe of reliable user power. 

technologies developed i n  t h i s  project wi l l  enable short term human extra- 

The 

t e r r e s t r i a l  surface operations. Included are Lunar and Martian precursor 

missions f o r  the start up of a main base power system as well as piloted 

expeditions t o ,  o r  outposts on, the Lunar and Martian surface or other bodies 

such as planet s a t e l l i t e s .  

The project wi l l  concentrate on the development of promising solar-based 

technologies t o  a sufficient level of f ea s ib i l i t y  and engineering performance 

f o r  confidence i n  the i r  application t o  short-durat ion surface operations. 

Verification of key component technologies w i  11 be followed by ground-based 

system verification t e s t s  of integrated power generation and energy storage 

technologies. 

The highest potential fo r  successfully achieving surface power capabi l i t ies  

satisfying presently understood mission and system requirements l i e s  i n  

regenerative fuel ce l l  energy storage subsystems and amorphous s i l icon based 

photovoltaic power generation subsystems. 

Advancing the technologies of energy storage, power generation and 

coupling the i r  performance potentials w i t h  an advanced low mass, re l iable  

e lectr ical  power management subsystem can lead t o  surface power systems having 

a reliable l i f e  i n  excess of 20,000 hours w i t h  system specific powers of 3 W/kg 
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f o r  Lunar  a p p l i c a t i o n  and 8 W/kg for  Martian applications. 

specific powers represent substantial improvements over the state-of-the-art, 

UP t o  a factor of 30. System mass reductions of this m a g n i t u d e  coupled t o  the 

expected factors of 10 increases i n  l ife,  may very well enable extraterrestrial 

surface missions where l i f e  and mass are d r i v i n g  forces f o r  success. 

3.2 Mission and System Requirements 

These projected 

NASA's p l a n n i n g  for the future explorat ion of the Solar  System includes 

b o t h  precursor piloted and outposts as well as establishment of a base on the 

Moon and Mars. Suppor t ing  human expeditions t o ,  and operations on, the surface 

of t h e  Moon and of Mars o r  i t s  moons, represent a substantial technology 

challenge for current and projected power system capabilities. 

of power associated w i t h  an operational base, somewhere i n  the 100's t o  7000's 

of ki lowatt  range, will  require nuclear power systems. 

of these permanent nuclear systems, power systems based on solar energy hold  

the greatest promise of supplying needed power. Solar based power systems w i l l  

a l s o  be required t o  augment and serve as a back-up power source f o r  the nuclear 

powered base. 

The h i g h  levels 

During the installation 

Low system mass f o r  a given power level i s  a central requirement t o  endure 

transportation costs. Another requirement, even more challenging, i s  

appreciable system lifetime w i t h o u t  sacrificing performance even after 

extended periods of dormancy. Relatively h i g h  power level requirements are 

projected i n  order t o  support an initial surface outpost of four t o  six 

astronauts. 

kilowatts (25 kW). Through power system replication the power level may be 

extended t o  a hundred ki lowat t s  (100 kWe) s h o u l d  the need arise since so lar  

based power systems have the a b i l i t y  t o  be modular i n  their design. 

The projected power requirement is approximately twenty-f i ve 

6 



The solar-based surf ace power system must supply usable power continuously, 

t h a t  i s  dur ing  the day as we l l  as the n ight .  A regenerat ive system i s  there-  

fore r e w i r e d .  The power generation subsystem w i l l  p rov ide power t o  both the  

energy storage subsystem f o r  recharge and the  load dur ing the day through an 

appropr ia te e l e c t r i c a l  power management subsystem. During the  n ight ,  t h e  

energy storage subsystem w i l l  discharge i n t o  the  load through an e l e c t r i c a l  

power management subsystem. Thus continuous power i s  supplied t o  the  load; 

from the power generation subsystem dur ing  sun per iods and from the  energy 

storage subsystem dur ing  periods of  darkness. 

I n  a Lunar app l i ca t ion ,  the  per iod of darkness extends f o r  two weeks, wh i le  

Both app l ica t ions  a Mars app l i ca t i on  presents a more manageable 12 hour n igh t .  

r e q u i r e  very h igh  energy density, r e l i a b l e  energy storage subsystems. 

i n s o l a t i o n  on Mars ( l e s s  than 40% tha t  on Earth), coupled w i t h  a reduced 

g r a v i t y  (1/3 g r a v i t y  f o r  Mars, 1/6 g r a v i t y  f o r  t he  Moon), requ i re  h igh  power 

density, robust power generation subsystems. The coupl ing o f  power generation 

and energy storage subsystems reau i re  an e l e c t r i c a l  power management subsystem 

which has a low mass and capable of f a u l t  t o l e r a n t  operat ion i nsu r ing  r e l i a b l e  

power t r a n s f e r  between generation, storage and load. 

The low 

The Mars environment inc ludes  dust, wind, and a C02-rich atmosphere 

wh i l e  t h e  Lunar environment includes rad ia t ion ,  wide temperature swings and 

a l so  dust. 

generation, energy storage and power management. 

be compounded by requirements t o  provide i n t e r m i t t e n t  opera t ion  f o l l o w i n g  

extended per iods o f  i n a c t i v i t y .  

Therefore, unique design approaches must be pursued i n  power 

These design chal lenges w i l l  

I n  a d d i t i o n  t o  t h e  pr imary app l i ca t i on  o f  s o l a r  based sur face power 

technologies f o r  Lunar and Mars missions d e l i v e r i n g  25 kW, t he re  may be NASA 

missions r e q u i r i n g  s u b s t a n t i a l l y  lower power leve ls .  Such low power systems 
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could be used for unmanned robotic planetary surface precursor missions as 

well as orbiting spacecraft. 

3.3 Technoloqy Assessment 

Regenerative fuel cell energy storage systems offer a potential of up to a 

twenty-fold (20:l) increase in specific energy over state-of-the-art electro- 

chemical energy storage technologies. This is especially evident for the long- 

duration storage requirements associated with Lunar applications. At present, 

regenerative fuel cell technology is at a low level of development activity. 

Apollo and Space Shuttle state-of-the-art fuel cell technology is limited to a 

primary configuration, i.e., without regeneration, as are many synergistic 

programs which will contribute to this Pathfinder project technology advances. 

Increasing the operating temperature by means of increased current density 

will improve performance. However, the oxygen electrode catalyst, a critical 

component in a fuel cell stack, has not been developed to withstand lengthy 

high temperature (25OOF) operation. Commensurate with the need for higher 

temperature operation are requirements for efficient and reliable thermal, 

gas, and liquid management technologies in the regenerative configuration. 

Bi-functional catalyst, if proven viable, will greatly reduce the complexity 

and mass of a regenerative fuel cell. 

compatibility, gaseous and liquid storage and transfer as well as thermal 

The technological issues of material 

management must be identified, quantified, and resolved. 

Space power generation via photovoltaic cells, has a demonstrable specific 

power of about sixty watts per kilogram (60 W/kg) with extensions up to one 

hundred and fifty watts per kilogram (150 W/kg) being pursued in OAST Base R&T 

programs. However, the space array structure concepts associated with these 

LEO and GEO designs are not applicable for surface missions. The 1/6 to 1/3 g 
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loadings anticipated on the Moon and Mars respectively plus the wind loadings 

on Mars require new robust concepts t o  be developed and verified. The unique 

environment o f  set t l ing and d r i v i n g  d u s t ,  extended dormancy periods, r a d i a t i o n  

and temperature extremes also require novel structure concepts t o  be pursued. 

Photovoltaic cel l  and blanket technology advances directed a t  improving 

t h e  s ta te -  of-the-art of 2 mil and 8 m i l  s i l icon technology will  contribute 

significantly t o  the 300 W/kg ( A M O )  performance target of this  project. 

Photovoltaic blankets fabricated from amorphous sil icon ce l l s  placed on 

f lexible  substrates supported by novel low mass structures i s  compatible w i t h  

low volume stowage and low mass requirements. However, amorphous si l icon cel l  

performance m u s t  be upgraded t o  meet surface power requirements for  s tab i l i ty ,  

longevity, and efficiency. 

These aforementioned requirements of s tab i l i ty ,  longevity and efficiency 

are impacted by the surface application environment. 

radiation, both photon and particulates, m u s t  be addressed as we1 a s  impacts 

of energetic d u s t  par t ic les  and temperature cycling. 

des ign  chosen must be optimized t o  reduce negative impacts due to  plasma as 

well as e lectr ical  and chemical interactions w i t h  the atmosphere o f  Mars. 

Electrical power management technology, the subsystem that t ies power 

Degradation due  t o  

The photovo t a i c  blanket 

generation and energy storage t o  t h e  load, and t o  each other, has seen 

subst anti  a1 advances due t o  the reaui rement s of Space Stat  ion Freedom. 

However, applying t h i s  technology t o  surface power systems could eas i ly  

increase i ts  mass substantially as well as compromise i t s  r e l i ab i l i t y  and 

l ife.  

the surface of Mars or  the Moon. 

e lectr ical  power management system a t  110 kg/kWe while satisfying surface 

The environment and applications i n  LEO greatly differ  from those on 

Maintaining the performance of Freedom's 
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application requirements offers  a challenge. To meet the goals of tne 

Pathfinder Surface Power Project, the electrical  power management subsystem 

requires a 50% reduction i n  mass a t  an acceptable l i f e  and re l iab i l i ty .  The 

implementation of f a u l t  tolerant and h i g h  power density electronics wi l l  allow 

conceptualization of a 55 kg/kWe electrical  power management subsystem. 

3.4 Technical Approach 

The  near term ( 5  year Phase I )  project will include system analyses based 

on various missions scenarios f o r  both  Mars and Lunar surface applications. 

These will result i n  concepts, trades and layouts  of various power system 

designs. These systems analyses w i l l  systematically define surface power 

technology requirements, including cr i t i ca l  technology issues t h a t  will be 

used t o  guide subsequent project p l a n n i n g .  

The Pathfinder Surface Power Program will address the energy storage 

technology reaui rements v i  a the hydrogen/oxygen regenerative fuel ce l l .  

w i l l  encompass fuel cel l  as well as electrolyzer technologies, advancing the 

h i g h  temperature and h i g h  pressure operation parameters. Gas, l i q u i d ,  and 

thermal management innovations w i  11 be evaluated a g a i n s t  the goal of reducing 

complexity while increasing l i fe .  Emerging l i g h t  weight, robust tank 

technologies f o r  gaseous reactant storage will be evaluated as will cryogenic 

reactant storage. Selected ground-based evaluations will be used t o  validate 

the performance potentials of cr i t ical  components. 

Efforts i n  amorphous sil icon photovoltaic cell and blanket technologies 

I t  

will be directed a t  increased efficiency, reduced mass, and improved lifetime 

and re l iab i l i ty .  

advantage of the inherent unique mechanical properties of amorphous sil icon 

b lankets ,  w i l l  be evaluated on the basis of robustness and applicabili ty t o  

meet mission requirements. Key cr i t ica l  structural  components W i l l  be 

fabricated and performance verified. 

Novel photovoltaic array structure concepts, w h i c h  take 

10 
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Coupling the power generat ion subsystem (amorphous s i l i c o n  PV a r ray)  t o  

the  energy storage subsystem (regenerative f u e l  c e l l s )  and then t o  the  user 

buss, requi res an e l e c t r i c a l  power management (EPM) subsystem. Typ ica l l y ,  an 

EPM subsystem i s  overlooked i n  power system design and t rade studies. 

order  t o  prevent unwarranted system mass increases due t o  coupl ing cons t ra in ts  

In 

of subsystems, an i n v e s t i g a t i o n  of EPM technology as r e l a t e d  t o  surface power 

app l i ca t ions  i s  warranted. 

3.5 Del iverables 

Dur ing the f i r s t ' 5  years o f  t h i s  p ro jec t ,  Pathf inder Surface Power has a 

goal o f  developing a 25 kW reference system design ( i nc lud ing  power generation, 

energy storage and e l e c t r i c a l  power management) w i t h  a s p e c i f i c  power o f  3 W/kg 

f o r  Lunar surface app l ica t ions  and 8 W/kg f o r  Mars surface appl icat ion.  

A t  t he  end o f  the  5 year Phase I e f fo r t ,  the power generation technology 

w i l l  have demonstrated, a t  t he  1 kW level ,  an amorphous s i l i c o n  b lanket  w l t h  a 

spec i f i c  power o f  2000 W/kg (AMO).  The s t ruc tu re  necessary f o r  support ing 

t h i s  b lanket  w i l l  be a novel concept a t  t he  0.46 kg/m leve l .  The blanket 2 

and s t r u c t u r e  together w i l l  be capable o f  de l i ve r ing  r e l i a b l e  power t o  the  

energy storage subsystem and e l e c t r i c a l  buss a t  300 W/kg ( A M O ) .  

The energy storage subsystem necessary t o  a t t a i n  the  system goals o f  3 t o  

8 W/kg f o r  Lunar and Mars surface power system respec t ive ly  i s  a H2/02 

regenerat ive f u e l  c e l l .  A t  t he  end o f  the  5 year p ro jec t ,  t he  RFC technology 

w i l l  have advanced t o  a demonstrated 65% round- t r ip  e f f i c i e n c y  a t  a f u l l  area 

c e l l  l e v e l  t h a t  i s  compatible w i t h  a 12.5 kW stack con f igu ra t i on  necessary f o r  

subsequent stack and bread-board test ing.  Concepts developed and v e r i f i e d  f o r  

anci 11 a ry  components such as heat re ject ion,  water removal and reactant  

11 
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storage will permit an RFC design delivering 500 to 1000 W-hr/kg for Mars and 

Lunar applications respectively. Critical RFC elements, identified early in 

the project, will have demonstrated a life of 5,000 hours with methodology 

established to extend the life into the 20,000 hour region. 

The electrical power management (EPM) element of Pathfinder Surface Power, 

will concentrate on components necessary for coupling power generation to 

energy storage while maintaining electrical continuity to the buss and 

distribution system. 

deliver an architecture compatible with a 110 kg/kWe reliable, long lived 

subsystem and critical component verification. Also established will be a 

methodology for attaining a 50% reduction in mass without sacrificing 

reliability and life. 

3.6 Schedule/Mi lestones 

By the end of the 5 year project the EPM element will 

The schedule and appropriate major milestones for each element are shown 

in Figure 3.6.1. 

subsystems will have been developed for a confident design of a power system 

delivering reliable surface power at the 3 to 8 W/kg level for Lunar and 

Martian surface applications respectively. 

At the end of the 5 year Phase I program, components and 

12 
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4.0 MANAGEMENT PLAN 

4.1 OVERVIEW 

Management responsibility w i  11 reside a t  the program level w i t h i n  OAST's 

Propulsion, Power and Energy D i v i s i o n  (Code RP) .  

responsibility will  reside a t  LeRC's Power Technology Division. LeRC wi l l  

lead the technology development, be responsible for resource allocations 

w i t h i n  the project as well as  a l l  administrative matters o f  repor t ing ,  

schedular and  financial maintenance act ivi t ies .  

The project management 

4.2 WORK 'BREAKDOWN STRUCTURE 

Figure 4.2.1 i s  the work breakdown structure down t o  the t h i r d  d i g i t  

level. 

down t o  the various elements which  are t o  be developed i n  each subsystem. The 

work breakdown structure below the t h i r d  d i g i t  is  presented fo r  each subsystem 

i n  Figures 4.2.11, 111, IV, and V for system integration, energy storage, 

power generation and electr ical  power management respectively. 

breakdown structure presented will  be used as a bas is  for  resource estimates, 

milestone definition, progress tracking, and pr ior i ty  assessments should a 

ranking be necessary d u r i n g  the course of the project. 

4.3 Structure 

Each subsystem of the solar based surface power system is  delineated 

The work 

The overall program will be managed by a Program Manager i n  the OAST 

Propulsion, Power and Energy D i v i s i o n  (Code RP). 

management responsibility will reside i n  the Power Systems Integration Office 

of LeRC's Power Technology Division. 

the responsibil i ty of ensuring that specific technology ef for t s  are 

Technology project 

The Technology Project Manager w i l l  have 

coordinated through matrixed responsibi1it.ies of subproject. 

technology discipline. The Technology Project Manager will 
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branches within the LeRC Technology Power Division as well as expertise 

available in the LeRC Advanced Space Analysis Office, the Jet Propulsion 

Laboratory (JPL), and other appropriate organizations. Figure 4.3. I depicts 

the management structure to be used. 

organizations are as follows: 

the Power Systems Integration Office, PVB is the Photovoltaics Branch, ECTB is 

the Electro-Chemical Technology Branch, and EC&SB is the Electrical Components 

and Systems Branch. 

In Figure 4.3.1, reference to LeRC 

PTD is the Power Technology Division, PSI0 is 

LeRC has the responsibility for leading the development of a technology 

Project Plan and for administration of the Plan. All subproject managers and 

participating organizations will be responsible to the Technical Project 

Manager for all questions including resources, program responsibilities, and 

administrative matters pertaining to reporting, schedule and milestones. 

4.4 Coordination 

The Surface Power element of Pathfinder will closely coordinate with 

technological databases established in the OAST Base R&T Programs, in the 

Civil Space Technology Initiative (CSTI), and with other elements of 

Pat hf i nder . 
Mission analysis affecting program thrusts will be coordinated with the 

Office of Explorations. 

Freedom Office and non-NASA Organizations wi 1 1  be incorporated into overall 

Technical advances realized by the Space Station 

planning as appropriate. 

4.5 Planning 

The initial planning documentation includes the program plan and the 

project plan. In these documents, a comprehensive schedule, resource 

profiles, milestones and goals will have been established based on projected 

needs and technology advances. However, on a yearly basis these existing 

14 
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plans w i l l  be updated and modif ied through an annual operat ing plan. 

annual operat ing p lan w i  11 r e f l e c t  expected f i n a n c i a l  and human resource 

c o n s t r a i n t s  as wel l  as technica l  progress and t rade study r e s u l t s  which may 

a l t e r  d i r e c t i o n  o f  program, impact schedules, milestones and goals. 

addi t ion,  t he  annual operat ing p lan w i l l  def ine accomplishments t o  date and 

those planned f o r  t he  succeeding year. 

4.6 P ro jec t  Report ing 

The 

I n  

LeRC's Technical Pro ject  Manager w i l l  conduct pe r iod i c  reviews w i t h  the  

d i r e c t o r  o f  OAST's Propulsion, Power, and Energy D i v i s i o n  o r  h i s  represent- 

a t ive.  These reviews w i l l  assure t h a t  planned key milestones are achieved, 

t h a t  OAST i s  informed as t o  program status and resources expanded and required. 

These reviews w i l l  be he ld not l ess  than tw ice  a year. Add i t i ona l l y ,  f o l l o w i n g  

annual RTOP submit ta l  a formal sumnary presentat ion w i l l  be made t o  OAST 

personnel i n d i c a t i n g  p r i o r  year accomplishments versus plans and upcoming year 

plans. A t  the same presentation, a more d e t a i l e d  technica l  review of a 

selected t o p i c  o r  t o p i c s  i n  the  program may be presented as requested. 

P ro jec t  Management Informational and Control System (MICS) method o f  management 

r e p o r t i n g  w i l l  be used t o  record on a q u a r t e r l y  basis the  progress o f  the 

program and repo r t  program status t o  NASA headquarters and t o  t h e  p a r t i c i p a t i n g  

Center senior  s t a f f .  

requi red t o  ensure accoun tab i l i t y  f o r  status, i n d i c a t e  trends, e s t a b l i s h  

c o n t r o l  o f  schedule act ions and changes, dep ic t  manpower and i l l u s t r a t e  funding 

requirements as we l l  as t h e  costs appl icable f o r  program management. 

q u a r t e r l y  r e p o r t  w i l l  cover a l l  s i g n i f i c a n t  program aspects, down t o  the  

f o u r t h  l e v e l  of t h e  WBS, i nc lud ing  technica l  progress and management areas 

such as funding and procurements. 

The 

The repo r t i ng  system w i l l  p rov ide selected in format ion 

Each 

Emphasis w i l l  be placed on d e f i n i n g  problem 

15 



a r e a s  i n  a t ime ly  fash ion  and applying necessary  measures t o  r e so lve  them. 

In add i t ion ,  monthly informal r epor t s  v i a  personal  c o n t a c t s  w i t h  OAST's 

program manager wi l l  be i n i t  a ted .  These informal c o n t a c t s  w i l l  keep OAST 

informed of s h o r t  lead-time ssues as well a s  t e c h n i c a l  accomplishments and 

a c t i v i t i e s  impacting program s t a t u s .  

16 



5.0 RESOURCES 

Financia l  and human resource estimates f o r  

Pathfinder Surf ace Power program are presented 

program element. 

the f i r s t  f ive  years of the 

i n  table 5.1, delineated by 

The f inanc ia l  resources are presented as estimated gross d o l l a r s  and t o t a l  

human resources. Resources presented i n  subsequent sections of this project 

p lan  reflect net f i n a n c i a l  requirements and civil servant human requirements 

t h a t  can be directly applied t o  the  technology being discussed. 

17 



6.0 TECHNICAL PLAN 

This  sect ion o f  the  p r o j e c t  plan contains a de ta i l ed  documentation o f  a l l  

techn ica l  elements i n  the  Pathfinder Surface Power Program. 

approaches, performance targets ,  associated methodologies and resource 

requirements of each major element of the  work breakdown st ructure,  (i.e., 

system in tegra t ion ,  energy storage, power generat ion, and e l e c t r i c a l  power 

management), i s  presented w i t h  a v iew toward subsystem performance 

commensurate w i t h  power system goals. 

The object ives,  

6.1 SYSTEM INTEGRATION 

6.1.1 Object ive 

The ob jec t i ve  o f  t h i s  element of Surface Power i s  t o  prov ide component and 

subsystem t rades i d e n t i f y i n g  technology and environmental impacts as we1 1 as 

benef i ts  t o  establ ished mission scenarios leading t o  a reference system design. 

6.1.2 Just i f  i c a t  i o n  

Pre l iminary system analyses ind icates t h a t  the  mass o f  the energy storage 

subsystem predominates i n  Lunar surface appl icat ions.  

appl icat ions,  the  mass d r i v e r s  are d i s t r i b u t e d  between power generation, 

energy storage, and e l e c t r i c a l  power management subsystems. 

For Mart ian surface 

However, these r e s u l t s  may be modif ied given va r ia t i ons  i n  miss ion 

scenarios and system requirements. Therefore, as a guide, mission scenarios 

and system requirements must be establ ished i n i t i a l l y  and updated as 

app l i ca t i on  scenarios mature. 

I n  addi t ion,  appropr ia te t rade  s tud ies are needed which couple subsystem 

performance p o t e n t i a l s  f o r  t he  design f o r  an optimal system. 

technology advances, mission requirements mature, and environmental impacts 

evolve dur ing t h e  program, updates o f  a basel ine design must be obtained 

cu lminat ing i n  a reference design best u t i l i z i n g  subsystem technology pursued 

i n  t h i s  p ro jec t ,  estab l ished mission scenarios and system requirements. 

As subsystem 
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Each mass driver for  the power system contribute, a t  various levels, t o  

to ta l  power system mass. 

requirements significantly effect  power system concepts t o  the p o i n t  of 

d r i v i n g  technology elements supporting these missions. 

pressing need t o  define potential missions i n  order t o  guide subsequent 

technology development. 

Mission scenarios and the concomitant system 

Therefore, there i s  a 

The quest for  low mass power systems, though a major driver, i s  not and 

s h o u l d  not be the overriding thrust  of a surface power system development 

e f fo r t .  

and  re l iab le  power systems capable i f  intermittant operation a f t e r  l o n g  

durmancy periods especially fo r  mission scenarios having l i f e  support 

requirements. 

es tabl ish subsystem l i f e  and r e l i ab i l i t y  targets  assuring system goals are met. 

The potential applications o f  a power system also require long l i f e  

Therefore the system integration element of th is  program m u s t  

Subsystem and system performances modified t o  meet l i f e  and r e l i a b i l i t y  

reauirements necessitate subs t an t i a l  trade studies. These studies must 

integrate the performance of a l l  subsystems into a system, minimize the 

negative impact of integration while maintaining long l i f e  goals. 

6.1.3 Technical Description 

I t  is envisioned t h a t  there w i l l  be several missions under consideration 

i n  the ear ly  part of th i s  program, each demanding a special technology focus. 

For example; a Lunar mission may reauire a focused technology on power 

generation and e lec t r ica l  power management if the system requirement i s  fo r  

daytime power only. Changing the mission scenario t o  n i g h t t i m e  as well as 

daytime power, switches the emphasis t o  energy storage even a t  very low 

night/day power ratios.  

Power systems on Mars requiring equal day and n i g h t  power levels can 

exhibit  measurable 

and energy storage 

mass reductions th rough  advancements i n  power generation 

w i t h  a lesser  impact due t o  e lec t r i ca l  power management 
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advances. However, if  the power system i s  rewired t o  deliver a small f ract ion 

of the daytime power a t  n i g h t ,  advances i n  energy storage has  a smaller impact 

on power systems mass when compared t o  the impacts of advances i n  power 

generat ion and electr ical  power management subsystems. 

In both missions, Lunar and Mars, the location weighs heavily on system 

performance and system requirements. 

e f fec ts  power system performance due t o  the environment. 

Mars and the d u s t  on the Moon impact capabi l i t ies  of thermal r a d i a t i n g  

surfaces and s o l a r  collectors such as PV arrays. 

Location on the Martian surface d i rec t ly  

The d u s t  storms on 

On Mars, there are additional environmental effects  t o  be Quantified. The 

potential of soi l  derived peroxides and atmospheric condensates as  well as 

photodissociated gases and ultraviolet  radiation may impact lengthy s table  

performance of power generati on, management and energy storage subsystems. 

The existence of an atmosphere and possible plasma will require careful 

evaluation of potential negative interactions w i t h  power generation and 

e lec t r ica l  power management subsystems. H i g h  vo l t age  photovoltaic arrays and 

e lec t r ica l  dis t r ibut ion networks, though beneficial on a subsystem or  element 

level,  may result  i n  serious performance degradations on a system level. 

Solar f l a r e s  may d ic ta te  protection requirements for  PV array components 

on the surface of the Moon and t o  a lesser  degree on Mars. 

surface also d ic ta tes  the size of the system, since location affects  

insolation values, temperature swings and dayhight  ra t ios .  

Location on the 

As the technologies advance, the  System Integration element of this 

project will update system designs, evaluating impacts of changing mission 

scenarios and the concomitant l i f e  and r e l i a b i l i t y  issues. A t  the end of the 
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five year program, one or several reference designs will be available meeting 

the, by then, defined missions, mission requirements and system requirements 

that have evolved over the five year period. 

element will offer guidance to the technology pursuits in the three areas of 

power generation, energy storage and electrical power management through 

Effort in the Systems Integration 

system analysis, environmental impact investigations and system trade studies. 

6.1.4 Schedule/Deliverables 

Figure 6.1.4. I contains the schedule and milestones for this element of 

the project. Preliminary considerations of missionlsystem requirements and 

subsystem technology potentials have lead to a definition of a deliverable. 

The deliverable will be a mission and system requirements statement with a 

1. 
I 

compatible reference power system design meeting a goal of a 5,000 hour, 

3.5 W/kg performance level for coupled Lunar power generation and energy 

storage subsystems and a 5,000 hour, 18 W/kg for a Martian surface application. 

The impacts of an electrical power management subsystem will be Quantified as 

will the potential of a 20,000 hour life to meet the goal of an environmentally 

stable, long lived, reliable, 25 kWe power system (power generation, management 

and energy storage) having a specific power of 3 W/kg and 8 W/kg for Lunar and 

Martian applications respectively. 

6.1.5 Facilities 

In the System Integration element, there is a need for environmental 

facilities. A current facility to study the physics o f  windblown grains in 

the Martian environment, including assessment of minimum wind speeds to set 

particles into motion .on Mars is available at NASA-Ames Research Center. 

facility can simulate wind speeds up to 100 mph, pressures of 3.0 mb to 1 b 

and use carbon dioxide, air or nitrogen gas, but it cannot control 

This 
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temperature. An effor t  directed at  the definition, d e s i g n ,  development, and 

construction of a f a c i l i t y  t o  evaluate the effects of the temperature cycling, 

ultra-violet effects and chemistry on the power system components is  needed. 

By simulating the Martian environment, impacts on the power system components 

could be evaluated and strategies developed to  harden them. 

include protective coatings, b i a s i n g  of arrays and radiators t o  control d u s t  

collection, alternate surface configurations, and other active and passive 

strategies.  

6.1.6 Resources 

Strategies may 

Both financial and human resource estimates are presented i n  table 

6.1.6.1. The financial resources b u i l d  slowly t o  the FY 1993 level where a 

major system design effor t  will commence i n  preparation of system verification 

tes t s .  The financial resources are presented as net resources that can be 

direct ly  applied t o  t h i s  project element w h i  le  -human resources are presented 

as c iv i l  servant person years. 
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6.2 ENERGY STORAGE 

6.2.1 Object ive 

The energy storage element of the Pathf inder Surface Power Program w i l l  be 

conducted t o  develop the  enabl ing technology, which w i l l  serve as the  bas is  

f o r  t he  subsequent development of capable energy storage systems f o r  Mars and 

Lunar s u r f  ace outposts. 

6.2.2 J u s t i f i c a t i o n  

The cost of d e l i v e r i n g  hardware t o  the  Lunar and Mart ian surfaces coupled 

w i t h  the  requirement f o r  a h igh l y  r e l i a b l e ,  autonomous system d i c t a t e s  the  

requirement t o  develop the l i g h t e s t  possible, h i g h - r e l i a b i l i t y ,  stand-alone 

energy storage subsystem. 

6.2.3 Related Studies and A c t i v i t i e s  

M u l t i - m i l l i o n  d o l l a r  Department o f  Defense programs are c u r r e n t l y  under 

way t o  advance the  basic technology o f  f u e l  c e l l s  t o  prov ide h igh  power 

dens i ty  capab i l i t y .  

r e l a t i v e l y  shor t  per iods o f  time, the basic c e l l  technology advancements 

needed t o  achieve those ob jec t ives  are the  same as those needed t o  produce 

h igh-e f f i c iency  operation. 

pressure enabl ing the DOD h igh  power dens i ty  requirements w i l l  l i kewise  enable 

h igh  e f f i c i e n c y  operat ion a t  the  low power dens i t y  condi t ions o f  surface power 

energy storage subsystem. Simi lar ly ,  i n  the  e l e c t r o l y z e r  area, NASA's l i f e  

support program i s  funding a m u l t i - m i l l i o n  d o l l a r  e f f o r t  focused on developing 

t h e  bas ic  technology for a high-pressure water e l e c t r o l y s i s  system. 

t h e  f u e l  c e l l  development, t h i s  e f f o r t  i s  very synerg i s t i c  w i t h  the  Pathf inder  

Surface Power e f f o r t .  With proper coordination, t he  r e s u l t s  w i  1 be genera l l y  

appl i cab1 e. 

Though these program goals address h igh burst  power f o r  

The c a p a b i l i t y  t o  operate a t  h igh  temperature and 

As w i t h  
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The Pathfinder Surface Power parameters of l o n g  duration autonomous 

operation are not addressed by these synergistic fuel cel l  and electrolyzer 

programs. 

storage effor t  w i l l  be on providing the enabling technology for  a system 

capable of long-life, reliable,  stand-alone operation. The synergistic 

programs will be relied on t o  provide applicable technology advances which 

w i l l  lead t o  the desired efficiency advances for  surface power systems. 

Therefore the primary focus  of the Pathfinder Surf ace Power energy 

6.2.4 Technical Plan 

6.2.4.1 Project Element Structure 

Advanced regenerative fuel cel ls  provide f o r  the l ightest  option of 

energy storage subsystems t o  be used i n  Martian and Lunar surface power 

systems. W i t h  considerable development beyond the current state-of-the- 

a r t ,  RFC's  f u l l  potential can be realized. Through developing the lightest 

possible regenerative system i s  important, of even greater importance fo r  

the Lunar and Martian surface applications i s  a storage system capable of 

highly-reliable, long-life, stand-alone operation. Accordingly, t h i s  

program w i l l  be structured such that the primary focus will be on assuring 

t h a t  the re l iab i l i ty ,  l i f e ,  and autonomous requirements are met. The 

development of a lightweight system will not, however, be abandoned. I t  

will be achieved by closely coordinating this effor t  w i t h  related syner- 

g i s t i c  development programs t o  f a c i l i t a t e  the adaptation of technical 

advances evolving from these programs. The adapted technologies will 

provide the basis fo r  a generic lightweight system, which when coupled t o  

additional Pathfinder specific technology development, will  produce the 

l i g h t w e i g h t  system required for  t h e  Pathfinder surface missions. 

the required system mass reduction can be achieved by improving the 

electrochemical conversion efficiencies of the fuel ce l l  and electrolyzer. 

Improved efficiencies will allow smaller, lighter system components t o  
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be developed. 

lessen the reactant reauired t o  store a given amount of energy. 

combined fuel cell /electrolyzer efficiency of 65% wi l l  meet the mass 

reduct ion c r i te r ia .  

I n  the case of the fuel ce l l ,  improved efficiency w i l l  

A 

The Pathfinder Surface Power energy storage project i s  a two-phased 

ef for t ,  each five years long, culminating i n  the verification of a 

prototype 25 kWe regenerative fuel cel l  system. The f i r s t  five years of 

the program, presented i n  detail i n  t h i s  p l a n ,  will  be addressed t o  

developing the c r i t i ca l  component technology base fo r  a h i g h l y  reliable,  

autonomous, lightweight regenerative fuel cell  system, which wi l l  meet the 

energy storage requirements of b o t h  the Lunar  and Mars' surface missions. 

Then,  w i t h  the technology base i n  hand, the second f ive years w i l l  be 

devoted  t o  the design and development of the 25 kW prototype subsystem 

whose performance and l i fe  will be verified i n  a breadboard configuration. 

Specifically, r e l i ab i l i t y  w i l l  be verified by demonstrating 5,000 hours 

of trouble-free operation of t h e  system c r i t i ca l  components (fuel cel l  and 

electrolyzer stacks) by the end of the f irst  five-year program element. 

T h i s  will form the basis for  t h e  ultimate 20,000 hour system l i f e  goal, 

which is  t o  be verifiable by t h e  end of the 10 year program. Weight 

reduction will be verified on a preliminary basis i n  the f i r s t  five years 

by demonstrating fuel cel l  and electrolyzer stacks at  the 65% turn-around 

efficiency level. 

evaluation of the prototype system i n  the second 5 year segment. 

autonomous operation aspect w i l l  be addressed at  every level of the 

program. Analyses will be conducted t o  identify the components and 

processes, which  will lend themselves t o  stand-alone operation. T h i s  will  

provide the basis fo r  selected features t o  be developed and incorporated 

at  every level, from components to  elements t o  the f u l l  subsystem. 

Final verification will occur w i t h  the t e s t  and 

The 
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6.2.4.2 Energy Storage Project Elements 

A five-year technology development program has been formulated to 

provide the 5,000 hour critical component reliability reauirement, the 

technical basis for autonomous operation and the 65% operating efficiency 

needed to provide the rewired system mass reductions. The program will 

involve both in-house and contractual efforts. In general, the in-house 

work will be focused on R&T to advance the technologies of the basic 

processes and materials of fuel cells and electrolyzers. 

efforts will be focused on both the basic process R&T plus the development 

of cell components, full area cells, and ultimately full sized fuel cell, 

and electrolyzer stacks. 

(1) Regenerative Fuel cell technology development, (2) Regenerative Fuel 

Cell critical subsystem development and verification, and (3) Regenerative 

Fuel Cell breadboard development. The bulk of the activity in this first 

five-year increment will be i n  the first two elements. 

element, prototype Regeneration Fuel Cell (RFC) breadboard system 

definition and design will be initiated in the fourth year. However, the 

bulk of the breadboard development will occur in the follow-on, five-year 

effort. 

Table 6.2.4.2.1. 

The contractual 

The program is comprised of three major elements: 

Under the third 

The overall program details are shown in Figure 6.2.4.2.1 and 

6.2.4.2.a Regenerative Fuel Cell Technology Development 

This major program element is composed of four tasks: (1) Trade 

Study/Technology Assessment (2) Fuel Cell Component Development, 

(3) Electrolyrer Component Development, and (4) Supporting Research and 

Development (R&D). This element o f  the program at a more detailed 

breakdown is shown in Figure and Table 6.2-4.2,a.I. The overall 

objective of this group of tasks is to first determine which cell 
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technologies should be selected as candidates for further development 

then conduct 

further determination of which technology should be carried into the 

full-scale development phase. 

the development and verification necessary to make a 

The first task to be conducted under this portion of the program is 

a Technology Assessment and Trade Study. 

cell technologies which are candidates to be developed are the liquid 

alkaline electrolyte and solid polymer membrane-electrolyte cells. 

The electrolyzer and fuel 

Alkaline is considered to be the baseline technology. Until recently, 

the alkaline technology would have been the only candidate for the RFC 

storage application. Recent technical advances in the Polymer 

Electrolyte Membrane (PEM) warrant assessing this technology as 

possible competition to alkaline. 

The Technology Assessment Subtask will consider alkaline fuel cells 

and electrolyters baseline for the Pathfinder application. 

basis, the first activity will be to assess the viability of PEM as a 

competing technology. Particular attention will be given to the fact 

that, over the past decade, the state-of-the-art of alkaline fuel cells 

has been advanced considerably over that o f  the PEM technology. 

Accordingly, the question to be addressed is whether the lack of 

background development on PEM greatly decreases the probability of 

success in attaining the basic technology improvements needed to meet 

the RFC system reauirements within the 2-1/2 year time requirement. 

The deliverable from this portion o f  the study will be a recommendation 

On this 

o f  which technology(s) should be carried into subscale development and 

the rationale behind the recommendation. 
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Once the  issue regarding the v i a b i l i t y  o f  PEM i s  answered, t he  

Technology Assessment task w i l l  focus on a de ta i l ed  evaluat ion o f  the 

selected c e l l  technologies i n  terms of  t he  basic requirements. 

s ta te-of - the-ar t  (SOA)  assessment w i  11 be made, which incorporates on ly  

components f o r  which background t e s t  data can be d i r e c t l y  re la ted  t o  o r  

ext rapolated t o  design requirements. 

ex t rapo la t i on  of t he  technologies t o  the 1991 t ime frame. Risk 

assessments w i l l  be made a t  each leve l ,  i.e., SOA and 1991 pro ject ions.  

The de l i ve rab le  from t h i s  a c t i v i t y  w i l l  be the  SOA performance data 

base of each candidate technology, p ro jec t ions  o f  the SOA data bases t o  

1991, and an assessment o f  the r i s k  associated w i t h  each candidate 

technology. 

A 

This  w i l l  then be fo l lowed by an 

I n  the  Technology Trade Study Subtask, f u e l  c e l l  and e l e c t r o l y z e r  

combinations w i l l  be considered and evaluated f o r  t he  SOA l e v e l  o f  a 

development. 

p a r t i c u l a r  a t t e n t i o n  w i l l  be given t o  the  perceived r i s k  o f  mix ing ac id  

and a1 k a l  i n e  components. The present s t  atus o f  each op t i on  w i  11 then 

be pro jec ted  t o  the  1991 t i m e  frame. The combination t h a t  prov ides t h e  

best match t o  the  energy storage and power p r o f i l e  reauirements w i l l  be 

i d e n t i f i e d .  

component development w i l l  be def ined and a program o f  technology 

I n  a combination o f  a l k a l i n e  and PEM technologies, 

Key research and technology tasks f o r  any r e q u i s i t e  

development 

w i l l  i nc lude 

requ i  rements 

t h e  combinat 

eading t o  component v e r i f i c a t i o n  w i l l  be out l ined.  This  

technologies that  show promise f o r  meeting miss ion 

but  requi red more extensive technology development than 

on selected. 
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The Electrolyzer and Fuel Cell Component Development Tasks wi 1 1  be 

2-1/2 year activities involving at least two contracts. These 

contracts will address the development o f  the basic repeat part 

components (catalyst layers, seals, etc.) of the baseline alkaline 

elect rolyter and fuel cell. 

Pending the outcome of the Technology Assessment and Trade Study, 

additional contractual efforts could involve similar development on PEM 

fuel cells and electrolyters. If the results of the technology 

assessment show the PEM cell to be viable competition to the alkaline 

technologies, component development activities addressed to PEM will be 

conducted in parallel with the 2-1/2 year alkaline development tasks. 

At the completion of these development tasks sufficient subscale 

component verification data will have been generated to provide the 

basis for the major decision of which technology to carry into 

full-scale development. 

The particular aspects t o  be addressed in the Fuel Cell and 

Electrolyzer Component Development Tasks are those which will enable 

the high reliability, autonomous operation requirements o f  the 

Pathfinder surf ace power energy storage subsystem. For the a1 kal ine 

fuel cell, this will begin with the development of electrocatalysts, 

which are chemically and structurally stable at 3OO0F, 200 psia for 

extended periods of time (5,000 plus hours). 

operating conditions, which will provide the operating efficiency 

improvement which, in turn, will translate to the system weight 

reductions required for a viable storage system. 

and materials development for high efficiency operation is pursued in 

These are the fuel cell 

The basic catalyst 
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Increas ing operat ing temperature from 18OoF f o r  t h e  

f u e l  c e l l  t o  3OO0F f o r  the  advanced technology c e l l  

accelerates these mechanisms. Stabi  1 i z i n g  the  cata 

t h e  surface loss mechanisms i s  mandatory. The most 

30 

t he  synerg is t i c  h igh  power densi ty f u e l  c e l l  programs. It i s  expected 

t h a t  the bulk of the  basic advanced ca ta l ys t  development w i l l  be 

d i r e c t l y  appl icable t o  Pathfinder surface power needs. 

However, none of the advanced f u e l  c e l l  development programs are 

addressing the  l i f e - l i m i t i n g  issue o f  performance decay due t o  ca ta l ys t  

i n s t a b i l i t y .  Catalyst  i n s t a b i l i t y  i s  e f f e c t i v e l y  a loss  o f  ac t i ve  

ca ta l ys t  through one or  more chemical o r  phys ica l  mechanisms. 

Space Shu t t l e  

g r e a t l y  

yst  o r  i n h i b i t i n g  

promising techniaue 

involves b ind ing t h e  plat inum ca ta l ys t  t o  an a l l o y  support and thereby 

render i t  immobile. Candidate supports w i l l  be inves t iga ted  i n  the  

Support ing R&D Task. 

subsequent Fuel Cel l  Component Development Task. Here they w i l l  be 

adapted f o r  use i n  fab r i ca t i ng  e lect rode assemblies, which w i l l  be 

tes ted  i n  subscale (2"  x 2")  l abora tory  hardware. Concurrent w i t h  

t h i s ,  seals and reactant  supply p la tes  w i l l  be developed meeting 

c r i t e r i a  o f  long- l i fe ,  h i g h - r e l i a b i l i t y  operation. One and one-half 

years from the  s t a r t  o f  t he  c e l l  component development t e s t ,  t h e  c e l l  

con f igura t ion  w i l l  be i d e n t i f i e d  and ready f o r  evaluat ion.  The l a s t  

year  w i l l  r e s u l t  i n  a v e r i f i c a t i o n  o f  t he  selected con f igu ra t i on  i n  

meeting the  Pathfinder Storage System requirements. 

c e l l  technology i s  t o  be considered, a s i m i l a r  approach w i l l  be taken 

i n  developing and v e r i f y i n g  a subscale c e l l  con f igura t ion .  

The best candidates w i l l  be c a r r i e d  i n t o  the  

I f  the PEM f u e l  
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The Electrolyzer Component Development Task i s  similar t o  the fuel 

cell t a sk  i n  t h a t  the emphasis wi l l  be on qua l i fy ing  basic materials 

and  components a t  the S i n g l e  cell,  subscale level. However, the 

components will be different. Catalyst instability is  not a problem i n  

electrolyzers and the operating temperature i s  low so thermal stress on 

the structural materials w i l l  not be as severe as i n  fuel cells. 

However, the operating pressure goal of 3,000 ps ia  will severely stress 

the  seals and structural components. 

electrolyzer development w i l l  be addressed t o  seals and components, 

w h i c h  can withstand the extreme pressure conditions f o r  the extended 

operation and h i g h  re1 i abi 1 i ty requi rement s of P a t  h f  i nder . L i  ke the 

fuel cell development tasks, 1-1/2 years from the start of the task, a 

subscale cell configuration will be identified and readied f o r  test .  

The las t  year w i l l  be devoted t o  evaluation and verification of the 

selected configuration. 

Accordingly, much of the 

The last task of the RFC Technology Development program element i s  

the Supporting R&D. This task  spans the whole program and provides 

basic c r i t i c a l  R&D t o  each development task as required. 

the R&D will be done under  small research contracts and university 

grants. An in-house element will be p a r t  of t h i s  task,  largely devoted 

t o  replicating and verifying the researcher's results. 

addressed will be developing stable fuel cell electrocatalysts. T h i s  

effort will precede the fuel cell component development task and will 

provide the preliminary development and i n i t i a l  screening of materials 

and techniques, w h i c h  can be carried i n t o  f i n a l  development i n  the 

component task. 

In general, 

The f i r s t  area 

If the PEM technology becomes p a r t  of the program, 
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structural elements of the e 

will continue until mid 1991 

development, and evaluation of the critical materials compris 

ectrolyzer and fuel cell assembl 

when the R&D emphasis will begin 

address the component. reauirements for heat and water removal 8 

supporting R&D will be in the area of evaluation and verification of 

the 1 if e and performance st abi 1 i ty of advanced membrane and elect rode 

assemblies. 

Approximately 1-1/2 years from the start of the program, the 

emphasis of the supporting R&D effort will shift to screening, 

ng the 

es. This 

to 

of a full 

area cell assembly. To facilitate the high reliability, autonomous 

operation requirement, passive heat and water removal techniques wi 1 1  

be investigated. It is projected that this effort will continue from 

mid 1991 through the completion of the first phase of the program. 

This effort, as with the earlier R&D activities will begin with the 

investigation and development of basic concepts, incorporate these 

concepts into the development tasks and then conduct parallel 

evaluation and verification on contractor's developed components and 

subsystems. 

6.2.4.2.b Regenerative Fuel Cell Subsystem Development and Verification 

This major program element is composed of three tasks: ( 1 )  Full 

area single cell development and verification, (2) Prototype stack 

development and verification, and (3) Reactant storage technology. 

details of this element of the program is shown in Figures 6.2.4.2.b.I 

and I1 as well as complementary Table 6.2.4.2.b.I. The overall 

objective of this group of tasks i s  to first advance, to the full-scale 

level, the subscale cell technologies evolving from the Technology 

Development program phase. 

technologie9 will 

development and verification. 

The 

Following this, the full area cell 

be incorporated into prototype stacks for final 
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The first effort will be directed at the development of a full area 

Thls task will be comprised of five subtasks, three single cell. 

addressed to the fuel cell and two to the electrolyzer. While the 

specific design parameters for the fuel cell and electrolyzer will 

undoubtedly be different, the same general design approach will be 

applied to both. 

configurations resulting from the basic technology development tasks 

and both designs will be driven by the system requirements of very long 

life and stand alone operation. 

Both will be scaled up from the subscale 

The first activity addressed to full scale fuel cell development 

will be the Design and Repeat Parts Development Subtask. This activity 

will encompass a definition of the component design requirements, a 

preliminary design o f  a full-area cell and the development of the 

full-area electrodes, matrices, and separators (cell repeat parts). 

Fabrication trials of the repeat parts will be conducted and an 

evaluation of the physical characteristics of the trial parts will be 

made. As seen in Figure 6.2.4.2.b.1, the second subtask, Heat and 

Water Removal Component Development, wi 1 1  overlap the Repeat Parts 

subtask but will not start until the preliminary design is complete. 

In this subtask, the passive heat and product water removal concepts 

developed in the Supporting Research and Development (R&D) effort will 

be incorporated into the design of the full-area cell. 

trials and evaluations will be conducted on the stack components whose 

function is to remove the heat and product water from the active 

cells. In lieu of having a full scale cell assembly in which to 

directly evaluate the heat and water removal components, cell 

simulators supplemented by analytical models will be used. 

Fabrication 
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I n  the t h i r d  subtask, the F u l l  Area Fuel Cell Final  Design Test and 

Evalua t ion ,  the cell  design will be finalized and a number of f u l l  area 

ce l l s  will  be fabricated for  evaluation. One thousand hour  t e s t s  wi l l  

be conducted t o  characterize the performance of the cell  configuration 

over the mission operating range. 

experimental d a t a  will be analyzed, the ce l l s  dismantled and teardown 

analyses conducted. 

Upon completion of the t e s t s ,  

The f i r s t  s u b t a s k  addressing the f u l l  area electrolyzer will  be the 

F u l l  Area Electrolyzer Cell Preliminary Design and Development. As i n  

the f u l l  area fuel cel l  development, the definition of the electrolyzer 

component design requirements will be the f i r s t  act ivi ty  undertaken. 

T h i s  will  provide the basis f o r  the preliminary cell  design. With  t h i s  

design i n  hand,  subscale components identified i n  the component 

technology tasks will be scaled up t o  meet the preliminary design 

requirements. 

Upon completing the full-area ce l l  development and scale-up, the 

f i n a l  full-area electrolyzer cell  subtask will be undertaken, F u l l  Area 

Electrolyzer Cell Final Design, Test, and Evaluation. In  t h i s  subtask, 

the cel l  design will be finalized and a number of full-area ce l l s  will  

be fabricated and tested t o  verify the cel l  l i f e  and performance 

requirements. 

The Prototype Stack Design, Development, and Verification Task will 

be comprised of six subtasks, three addressed t o  the fuel ce l l ,  and 

three t o  the electrolyter.  As seen i n  F igure  6.2.4.2.b.11, both  of 

these stack programs will be r u n  i n  parallel and w i l l  be comprised of 

the same basic elements. The f i r s t  subtasks addressed i n  each will be 
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t he  Prototype Stack Design and Development. Th is  a c t i v i t y  w i l l  be 

i n i t i a t e d  w i t h  a p re l im inary  design t o  i d e n t i f y  the requirements o f  the  

stack components such as the  reactant  supplies, manifolds, seals, and 

coolant systems. 

t r i a l s  and component development e f fo r t s .  

w i l l  a l low the  f u e l  c e l l  and e l e c t r o l y t e r  stack designs t o  be completed. 

Two e l e c t r o l y z e r  and two f u e l  c e l l  prototype stacks w i l l  then be 

fabr icated.  Test ing o f  a l l  four  stacks w i l l  f o l low.  The ta rge t  i s  t o  

demonstrate 5,000 hours o f  h i g h - r e l i a b i l i t y  operat ion a t  t he  operat ing 

cond i t i on  speci f ied.  A t  that  mi lestone one f u e l  c e l l  and one 

e l e c t r o l y z e r  w i l l  be dismantled and a tear-down analyses w i l l  be 

This  w i l l  be fol lowed by stack component f a b r i c a t i o n  

Completion o f  t h i s  a c t i v i t y  

conducted. The other two stacks w i l l  be l e f t  on t e s t  and ca r r i ed  i n t o  

the  next phase o f  t he  program demonstrating a long l i f e  c a p a b i l i t y  

( 20,000+ hours). 

The pre l im inary  phase o f  the Reactant Storage Technology Task w i l l  

It be undertaken i n  t h e  f o u r t h  year o f  t he  f i r s t  phase o f  t he  program. 

w i l l  be comprised o f  two subtasks. The f i r s t  w i l l  be t o  evaluate 

advanced, h igh strength, f i b e r s  as poss ib le  replacements f o r  Kevlar  

h igh  pressure filament-wound reactant  tanks. Fol lowing t h i s  evaluat 

a subtask w i l l  be undertaken t o  conduct f a b r i c a t i o n  t r i a l s  and t e s t s  

t h e  candidate mater ia ls  evolv ing f rom the  ma te r ia l s  task. Both o f  

n 

on 

on 

these a c t i v i t i e s  are merely the  p re l im ina ry  phases o f  major a c t i v i t i e s  

which w i l l  be c a r r i e d  t o  completion i n  t h e  next phase o f  the  program. 

6.2.4.2.c Reqenerative Fuel Cel l  Breadboard Development 

This major program element i s  comprised of two tasks:  (1) Prototype 

Breadboard System Design, (2 )  Prototype Breadboard Development. The 

d e t a i l e d  breakdown o f  t h i s  element i s  shown i n  F igure and Table 
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6.2.4.2.c.I. The ove ra l l  ob ject ive i s  t o  i n i t i a t e  the e f f o r t  which 

w i l l  lead t o  a f u l l y  developed prototype breadboard regenerative f u e l  

c e l l  system by 1998. 

The Prototype Breadboard System Design Task w i l l  begin i n  1992. A t  

t h a t  po in t  i t  i s  an t i c ipa ted  t h a t  s u f f i c i e n t  c e l l  and stack data w i l l  

have been generated by the development a c t i v i t i e s  t o  al low p re l im ina ry  

d e f i n i t i o n  and design t o  proceed. 

Design Task w i l l  be the Prototype System Component Design Requirements 

Subtask. This a c t i v i t y  w i  11 incorporate mission requirements and the  

energy storage component c a p a b i l i t i e s  d e f i n i n g  a s p e c i f i c  design 

requirement o r  design range f o r  each o f  t he  breadboard components. 

1992 a p re l im ina ry  requirement f o r  each component w i l l  have been 

defined. 

System Conceptual Design Subtask w i l l  begin. Using the system 

component design requirements as guidance, an i n i t i a l  conceptual design 

w i l l  be generated i n  1993. This a c t i v i t y  w i l l  then be c a r r i e d  i n t o  the  

fo l l ow ing  phase o f  t h e  program where i t  w i l l  progress from the  

p re l im ina ry  through the f i n a l  design stages. 

The f i r s t  a c t i v i t y  o f  the Breadboard 

By 

A t  t h i s  po in t  the system design a c t i v i t y  under the  Prototype 

As w i t h  the  system design a c t i v i t y ,  on l y  the  very p re l im ina ry  stages 

of the Prototype Breadboard Development Task w i l l  be s ta r ted  i n  the  

f i r s t  phase o f  t h e  program. Once the  p re l im ina ry  component design 

requirements are generated (1992) the  i n i t i a l  stages o f  the breadboard 

system development can begin. Component requirements w i  11 have been 

defined s u f f i c i e n t l y  t o  i d e n t i f y  t he  long lead development i tems and 

thereby a l low t h e  i n i t i a l  development phases t o  begin. 

I 
1 
I 
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6.2.5 Facili ty Plan 

The f a c i l i t y  requirements f o r  the f i r s t  two years of the planned five-year 

effor t  w i l l  be minimal. D u r i n g  th is  period a l l  the experimental act ivi ty  w i l l  

be focused on push ing  the technology limits of the basic components of the 

fuel cel l  and electrolyzer. T h i s  will entail work on corrosion resistant 

materials, stable matrices, and h igh  efficiency fuel cel l  and electrolyzer 

catalysts. The evaluation of the results of this  effor t  will  occur i n  the 

laboratory w i t h  the largest test a r t ic le  being coupon size (approx. 2" x 2"). 

Therefore, a t  most, a contractor may require three h i g h  temperature, h i g h  

pressure laboratory cell  t e s t  stands. The approximate cost of each would be 

$3,000. 

The following three years of the program would see a significant increase 

i n  test act ivi ty  and the f a c i l i t y  requirements would be expected t o  increase 

accordingly. In t h i s  portion of the program the technology will move out of 

the subscale laboratory phase, t h r o u g h  a f u l l  area single cel l  development 

phase and f ina l ly  t o  the development and t e s t  of f u l l  scale fuel ce l l  and 

electrolyzer stacks. The  contractor(s) involved would require the f a c i l i t i e s  

t o  evaluate both single, f u l l  area ce l l s  and f u l l  s ize stacks. Therefore, 

three t e s t  stands t o  evaluate single f u l l  area fuel ce l l s  and single f u l l  area 

electrolyzer ce l l s  would be required. 

expected t o  cost approximately $5,000. Finally, the test stand for  the f u l l  

scale fuel cell stack and the stand for  the electrolyzer stack would each be 

expected t o  cost $20,000. 

6.2.6 Procurement. P1 an 

Each of these six stands would be 

The program will  be in i t ia ted  w i t h  a trade study t o  provide guidance on 

which fuel cel l  and electrolyzer technologies (acid, alkaline or  a combination 

37 



of t h e  two) should be carried i n t o  the development phase. 

fuel c e l l s  and electrolyzers are considered baseline; however, recent advances 

i n  s o l i d  polymer acid fuel cel ls  have made t h i s  technology a strong contender. 

The  trade study will be managed by a government fac i l i ty .  

t u r n ,  will  work w i t h  fuel cel l  and electrolyzer experts throughout t h e  country 

i n  developing an unbiased assessment upon which t o  base their recommendations. 

W i t h  the results of the trade study as guidance, c r i t i ca l  component technology 

development will be init iated.  The b u l k  of t h i s  work i s  envisioned being done 

under contract w i t h  the nation's major fuel cell  an electrolyzer developers. 

This would entail  one fuel cel l  development contract, one electrolyzer 

development contract, and possibly a t h i r d  contract on the solid polymer acid 

A t  present, alkaline 

The  managers, i n  

fuel ce l l  if  i t  is shown t o  be a v i a b l e  contender. 

t h i s  e f for t  would concentrate on advancing the s ta te  of the c r i t i ca l  fuel ce l l  

The f i r s t  two years of 

and electrolyzer component technologies w i t h  the goal of providing the basis 

for  t h e  energy storage efficiency increases required for  the Pathfinder 

app 1 i cat  i ons . 
oriented, t h a t  is, i t  would be addressed t o  the development of specific 

c r i t i c a l  components and would be performance-evaluated on actual working, 

laboratory scale cel ls .  

university research grants, and separate research contracts, a l l  of which 

would be more generic i n  nature. 

improving the basic cel l  structural materials and electrocatalysts. 

adaption and incorporation o f  the improvements resulting from these RBT 

ef for t s  would be l e f t  t o  the component development contractors.. 

The work done under these contracts wou 1 d be conf i gurat i on 

T h i s  effort would be supported by in-house R&T, 

T h a t  is, work would be addressed t o  

The 

A t  the end of the first two years a fuel cel l  and electrolyter  technology 

would be chosen t o  be carried into the scale-up and f u l l  stack development 

stage. A t  this point the field would be narrowed t o  one contract f o r  fuel 

ce l l  development and one for  electrolyzer development. The in-house RbT, 
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contract R&T, and university grants would continue but focus would shift to 

basic R&T addressed to concepts such as passive heat removal, water supply, 

and water removal from the fuel cell and electrolyzer structures. 

In the fifth year of this five-year component development effort, a 

competitive procurement will be initiated to carry the program into the next 

major phase, which is to develop and test a full scale regenerative fuel cell 

breadboard system. 

6.2.7 Management Plan 

LeRC wi 1 1  maintain overall management responsi bi 1 i ty. However, as 

required in selected work areas, management responsibility will be delegated 

to other government agencies, NASA field centers, or elements of the LeRC 

organizational matrix. It is anticipated that responsibility to conduct and 

manage the trade and technology assessment study will be delegated to Los 

Alamos National Laboratory. Delegating the responsibility for this task will 

assure the involvement of some of the nation's top fuel cell and electrolyzer 

systems experts in the generation of an unbiased, independent assessment of 

the state of fuel cell and electrolyzer technology. 

The LeRC subproject manager will be directly responsible for the 

procurement and management of the contractual efforts aimed at improving the 

basic electrolyzer and fuel cell technologies, the follow-on cell/stack 

development and verification, and the in-house R&T efforts. 

project manager will be responsible not only for the coordination of all 

elements, but the coordination of this effort with on-going synergistic work 

funded by other agencies. 

density fuel cell development program. 

program can provide a useful data base. 

The LeRC sub- 

An example of this is the Air Force high-power 

The technology being developed in this 

The Lewis RFC subproject manager 

39 



I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 

w i l l  be responsib le  f o r  coordinat ing the  LeRC e f f o r t  w i t h  the  A i r  Force 

program t o  avoid dup l i ca t i on  of e f f o r t  and assure optimum u t i l i z a t i o n  o f  the 

a v a i  1 ab1 e resources. 

6.2.8 Del i verabl  es 

By the  end of 1993, the  energy storage program element w i l l  have resu l ted  

i n  a v e r i f i e d  65% e f f i c i e n t  stack design through f u l l  area f u e l  c e l l  and 

e l e c t r o l y z e r  tes ts .  The f i r s t  phase o f  the  program w i l l  r e s u l t  i n  a 

conceptual design o f  a 500 W-hr/kg Mart ian and 1000 W-hr/kg Lunar RFC 

subsystem having a demonstrated l i f e  o f  5,000 hours and the  methodology f o r  

extending t h a t  l i f e  t o  the  20,000 hour l e v e l .  R e l i a b i l i t y  through passive 

c o n t r o l  elements and long l i f e  through a development of s tab le  mater ia ls  w i l l  

complement the  65% e f f i c i e n t ,  500 t o  1000 W-hr/kg RFC subsystem. 

6.2.9 Resources 

Shown i n  Table 6.2.9.1 are the  human and f i n a n c i a l  resources estimates. 

As seen RFC technology development peaks on FY1991 a t  which po in t  subsystem 

development e f f o r t s  begin w i th  breadboard development beginning i n  FY92. 

The f i n a n c i a l  resources are presented as net resources t h a t  can be d i r e c t l y  

appl ied t o  t h i s  p r o j e c t  element whi le  human resources are presented as c i v i l  

servant person years. 
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6.3 POWER GENERATION 

6.3.1 Objective 

The objective of the photovoltaic portion of the Surface Power element of 

Project Pathfinder i s  the design and development of a low mass photovoltaic 

array capable of sustained operation on the surface of the Moon or  Mars as an 

integral part of a regenerative solar-based power system. 

6.3.2 Just i f i cat  i on 

A power generation subsystem, particularly a photovoltaic based subsystem, 

i s  an integral part of the regenerative surface power system pursued i n  the 

Pathfinder Surface Power program. 

based on amorphous s i l icon ce l l  technology not only will  supply the power 

necessary t o  recharge the regenerated fuel ce l l  and a t  the same time, supply 

A photovoltaic power generation subsystem 

power t o  the load, bu t  will do both  a t  substantial mass savings when compared 

t o  state-of-the-art technologies. 

The  amorphous sil icon cell technology mass benefits fo r  Lunar 

applications, when reflected into total  power system mass, are minimal. The 

long Lunar n i g h t s  (14 days) result i n  an energy storage mass fraction 

substant ia l ly  greater than either power generation o r  e lectr ical  power 

management mass fractions. However, for  Mart i an appl i cat  i ons (1 2 hour 

n i g h t s ) ,  projected mass benefits are substantial. 

and Martian, the use of amorphous silicon cell  technology as a basis fo r  a 

power generation subsystem permits substantial des ign  options of array 

structures. 

s i l icon blanket, the blanket support ing structure may dominate t h e  mass of the 

In both applications, Lunar 

Without the mechanical f l e x i b i l i t y  offered by the amorphous 

power generation subsystem t o  a point where projected performance goals will 

be compromised. 
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The a r ray  structure, u t i l i z i n g  inherent features of amorphous si 1 icon cel l  

technologies, has no t  been attempted t o  date. 

amorphous sil icon blankets on the Lunar and  Martian surface by their  nature 

wi l l  be novel. LEO or GEO structure technologies, though may be a guide, w i l l  

not direct ly  transfer t o  surface applications due t o  the u n i q u e  environment of 

the Lunar and Martian surface. 

temperature, as well as  alignment offer s u b s t a n t i a l  challenges i n  the 

structure design effor t .  

development not presently addressed i n  the photovoltaic community. 

PV array structures using 

H i g h  winds ,  radiation, g loadings, d u s t ,  

T h i s  environment also offers challenges t o  blanket 

T h e  development of h i g h  specific power blankets and arrays are expected t o  

impact other c iv i l  space missions. LEO,  GEO and interplanetary missions may 

very well be enhanced and possibly enabled by photovoltaic power generation 

subsystem exhibiting a two t o  f ive  times reduction i n  mass. 

In sumnary, a photovoltaic power generation subsystem will  sa t i s fy  the 

reauirements of a regenerative surface power system supplying power t o  the 

load d u r i n g  day and n i g h t  periods. An amorphous sil icon based power subsystem 

w i l l  not only enable an extremely low mass blanket b u t  permit low mass 

structure concepts necessary t o  impact system mass at  uniaue environmental 

constraints. 

6.3.3 Related Studies and Activities 

To date, there has been very l i t t l e  research and development of amorphous 

s i l icon solar  cells  fo r  use i n  space power generation. 

Energy has funded research i n  t e r res t r ia l  amorphous sil icon solar ce l l s  f o r  

the past decade. 

efficiency and establishing manufacturing f ac i l i t i e s .  

private capital  h a s  also been invested i n  these f a c i l i t i e s  i n  concert w i t h  the 

DOE f u n d i n g .  

The  Department of 

Substantial strides have been made i n  improving ce l l  

A large amount of 
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The Department of Defense has shown i n t e r e s t  i n  amorphous s i l i c o n  f o r  

space appl icat ions i n  the  past two  years and has recent ly  selected a S m a l l  

Business Innovat ive Research Phase I I contractor  f o r  research on amorphous 

s i l i c o n  space compatible c e l l s  and arrays. 

by the  Lewis Research Center, 

This work i s  managed f o r  the  DOD 

NASA OAST i s  cu r ren t l y  funding two grants on amorphous s i l i con .  One grant 

i s  d i rec ted  a t  i nves t i ga t i ng  the s t a b i l i t y  o f  the  ce l l s .  The second grant i s  

concerned w i th  the r a d i a t i o n  resistance o f  amorphous s i l i c o n  c e l l s  and 

mater i  a1 s. 

6.3.4 Technical Plan 

The optimum path fo r  reaching Pathfinder Surface Power power generation 

goals i s  through photovo l ta ic  arrays based on amorphous s i l i c o n  semiconductor 

so la r  ce l l s .  It has been under extensive development f o r  use as a t e r r e s t r i a l  

power source f o r  the  past decade. However, i t  has not been o f  i n t e r e s t  t o  t he  

space community because of i t s  low e f f i c i e n c y  and uncer ta in  s t a b i l i t y .  Recent 

advances i n  c e l l  e f f i c i e n c y  and a be t te r  understanding o f  i t s  r a d i a t i o n  and 

s t a b i l i t y  performance, coupled w i t h  the  p o t e n t i a l  f o r  extremely low mass 

conf igurat ions,  have made amorphous s i l i c o n  the  mater ia l  o f  choice f o r  the  

Pathf inder  Surface Power pro ject ,  

I n  order t o  reach the goal o f  300 W/kg (AMO), s i g n i f i c a n t  advancement must 

be made i n  the  PV blanket technology. 

improving the  amorphous s i l i c o n  c e l l  performance and the  r e l a t e d  b lanket  

technology. 

present 9% ( A i r  Mass Zero, AMO) t o  the 15% range. 

w i l l  be necessary t o  use multi-bandgap ce l l s .  

understanding o f  and improvements t o  the  amorphous s i l i c o n  mater ia l .  

The major t h r u s t  w i l l  t here fore  be i n  

F i r s t ,  t he  e f f i c i e n c y  of the  c e l l s  must be improved from the 

To reach the  15% target,  i t  

Work w i l l  emphasize an 

Coupling 
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this effort with an analysis to determine the optimum number of junctions (two 

or three) and the bandgaps of the individual junctions in a multi-bandgap 

structure should yield the required conversion efficiency. 

In parallel to the research in cell efficiency improvement will be a major 

effort toward understanding and minimizing cell performance degradation due to 

radiation, photons and other environmental effects. Preliminary experiments 

indicate that amorphous silicon cells are quite resistant to electron and 

proton radiation. However, radiation tolerance is dependent upon cell design 

and material purity. Hence, radiation damage testing for the particular 

environments to be found on Mars and the Moon and in transit will continue for 

the life of the project. 

performance degradation due to photons (the Staebler-Wronski Effect). Initial 

performance decreases on the order of 10 to 20% before stabilization have been 

reported after several hundred hours of exposure. Investigation of this 

phenomena will continue throughout the project with the goal of understanding 

and eliminating the degradation. 

indicates that the thinner layers of the multi-junction cell may reduce the 

effects of the photon degradation. 

be a continuing effort in the Pathfinder program. 

Amorphous silicon cells have been beset with 

Early results in the terrestrial program 

Analysis of this potential solution uill 

Amorphous silicon cells are inherently thin (1-2 micrometers total 

thickness) and have the potential to yield an extremely low mass blanket with 

low stowage volume due to its inherent flexibility. The flexibility of the 

cells, which is a result of this thinness, easily allows the use of a thin, 

flexible substrate material. Kapton is the current material of choice. A 

major portion of the blanket design phase of the project will be devoted to 

the development of suitable encapsulants and contact materials capable of 
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withstanding the hosti le environment the arrays are likely t o  encounter. 

Resistance t o  attacks by atomic oxygen, ultraviolet  r a d i a t i o n ,  protons, dust, 

atmospheric en t i t i es ,  and the space plasma must be addressed. 

Novel structural approaches t o  designing supports for the amorphous sil icon 

blanket m u s t  be used. 

mechanisms and associated supporting structures compatible w i t h  a maximum 

acceleration of one-tenth gravity expected i n  LEO and GEO applications. 

Strengthening of deployable Earth orbiting array structures t o  w i t h s t a n d  the 

1 /6  t o  1/3 gravity of the Moon and Mars respectively, while decreasing overall 

structure mass is  an approach that may not  meet surface ar ray  performance 

goals. The additional structural loads imposed by 50 m/sec surface winds  on 

Mars also impose substantial design constraints on o r b i t i n g  derived designs. 

Therefore, though ongoing structural programs such as the Advanced Photovoltaic 

Solar Array (APSA) and OUT-1 may offer some guidance, novel structural 

concepts not based on LEO or GEO designs will  be pursued.  Of primary interest  

w i  11 be structural arrays which incorporate simple concepts which leverage the 

unique mechanical aspects of amorphous sil icon technology into manageable 

designs. 

as t o  their efficacy given system performance goals .  

Current space array structural designs use deploying 

Structure philosophy and design options w i l l  be traded and evaluated 

Once the structural design concept has been established and confidence as 

t o  i t s  applicabili ty i n  the environs of Mars and the Moon i s  gained, c r i t i ca l  

hardware components will be identified, prototypes fabricated and performance 

verified. 

T h i n  film single crystal GaAs cel l  technology has been identified as a 

T h i s  technology is  currently viable alternative for  the PV surface array. 

being funded by both the Department of Energy and private sources. 

many concerns associated W i t h  space qualification are not being addressed, t h e  

basic technology is advancing and progress will  be closely followed. 

While the 
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6.3.5 Schedule 

There are two major work elements t o  the PV p o r t i o n  of  Pathf inder surface 

The subelements power; c e l l / b l a n k e t  technology and surface array technology. 

are shown i n  the  Figure 6.3.5.1 and I 1  and Table 6.3.5.1 w i t h  a discussion 

given below. 

The o b j e c t i v e  i n  "Thin Cel l  Technology" i s  t o  increase c e l l  e f f i c i e n c y  and 

s t a b i l i t y  t o  a l e v e l  which al lows amorphous c e l l s  t o  be used i n  space arrays. 

Two grants w i l l  be continued i n  the areas o f  c e l l  s t a b i l i t y  and r a d i a t i o n  

resistance. Improvements i n  c e l l  e f f i c i e n c y  w i l l  be addressed i n  the e a r l y  

phases o f  the "Blanket Design" contract. I n  the  t e r r e s t r i a l  app l i ca t i on  

community, progress i n  c e l l  e f f i c i e n c y  and s t a b i l i t y  as we l l  as m u l t i - j u n c t i o n  

c e l l s  w i l l  be d i r e c t l y  t ransferable t o  the Pathf inder program. Therefore 

Pathf inder  Surface Power e f f o r t s  w i l l  concentrate on the  blanket and array 

issues which are d i r e c t l y  r e l a t e d  t o  surface appl icat ions.  

The o b j e c t i v e  i n  the  "Blanket Design" and "Prototype Test ing" elements i s  

t o  develop a l i gh twe igh t  amorphous s i l i c o n  c e l l  blanket which w i l l  enable a 

l i gh twe igh t  ar ray s t r u c t u r e  design. 

subst rate mater ia l ,  and the  c e l l  t o  c e l l  interconnections. These p r o j e c t  

elements inc lude an analys is  t o  determine the  optimum substrate ma te r ia l  and 

the  means t o  grow the  c e l l s  on t h a t  mater ia l .  

c e l l s  are grown on s t a i n l e s s  steel ,  g lass o r  o ther  r i g i d  substrate. 

Pathfinder, a l i g h t e r ,  more f l e x i b l e  substrate i s  needed. 

blanket, a prototype assembly w i l l  be fab r i ca ted  and t e s t e d  w i t h  f u r t h e r  design 

and t e s t i n g  as a p o s s i b i l i t y .  

i s  "In-house Measurement Support." Herein i s  provided the  support i n  c e l l  and 

blanket performance measurements, as we l l  as r a d i a t i o n  damage tes t i ng .  

The blanket includes the s o l a r  c e l l s ,  t h e  

Currently, amorphous s i l i c o n  

For 

A f t e r  design o f  t he  

The l a s t  element i n  "Cell /Blanket Technology" 
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f a c i l i t i e s  t o  perform the requi red work. 

be accomplished w i t h  e x i s t i n g  f a c i l i t i e s .  

requi red on t h e  Lewis temperature cyc l i ng  f a c i l i t y .  

6.3.7 Del i verables 

E f f o r t s  a t  both Lewis an1 

Some low cost mod i f i ca t  

A t  t he  end o f  the f i r s t  f i v e  years o f  t h i s  pro ject ,  t he re  w i l l  

and a r ray  s t r u c t u r e  design f o r  a low mass 300.W/kg ("40) amorphous 

I n  "Surface Ar ray  Technology," the e f f o r t  concentrates on choosing the 

array concept, designing the array structure,  and t e s t i n g  c r i t i c a l  components. 

Modi f icat ions t o  e x i s t i n g  low  mass array s t ruc tu re  as w e l l  as novel new 

s t ruc tu res  w i l l  be analyzed f o r  u t i l i z a t i o n  w i t h  amorphous s i l i c o n  c e l l s .  

f i n a l  a r ray  s t ruc tu re  w i l l  be chosen based on mass, environmental s t a b i l i t y  

and a b i l i t y  t o  f u n c t i o n  i n  the reduced g r a v i t y  loads on the surfaces o f  Mars 

and t h e  Moon. Once the  array design i s  chosen, a mass opt imizat ion analys is  

w i l l  be performed w i t h  the object ive o f  obta in ing the lowest mass s t ruc tu re  

concept. 

o f  t he  amorphous s i l i c o n  c e l l s .  

c r i t i c a l  components w i l l  be tested. O f  special  i n t e r e s t  w i l l  be blanket 

interconnects, novel s t ruc tu re  components, and deployment mechanisms i f  

required. 

6.3.6 F a c i l i t i e s  

The 

This s t ruc tu re  however, must be i n teg ra ted  w i t h  the  blanket design 

Once the array s t r u c t u r e  i s  designed, 

There are no major new f a c i l i t i e s  requi red f o r  t h i s  e f f o r t .  A t  each 

contractor ,  i t  i s  assumed t h a t  they w i l l  have the necessary equipment and 

JPL w i  11 

ons may be 

be a blanket 

s i l i c o n  

c e l l  ar ray compatible wi th Lunar and Mart ian surface operation. 

1 kW blanket w i l l  be demonstrated t o  be compatible w i t h  i t s  0.46 kg/m a r ray  

s t r u c t u r e  design, the environment, and the  requirements o f  the regenerat ive 

f u e l  c e l l  as we l l  as expected e l e c t r i c a l  power management const ra in ts .  

A 2,000 W/kg, 
2 
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Subsequent program ef for t s  w i l l  be directed toward prototype subsystem 

test ing of cell/blanket/structure i n  a relevant environment. 

6.3.8 Procurement Approach 

The research and development of the amorphous silicon ce l l s  and blanket 

will  be t h r o u g h  contracts w i t h  industrial concerns w h i c h  have extensive 

experience i n  amorphous si l icon cell development. 

of the program and t o  prevent unwanted hiatuses, an incrementally funded, 

multi-year contracts will be used. The "Statement of Work" will be prepared 

prior t o  Program s t a r t  t o  expedite the procurement process. 

To provide fo r  continuity 

A g r a n t  i s  currently i n  place w i t h  idayne State University t o  investigate 

the r ad ia t ion  behavior of amorphous sil icon ce l l s  and materials. This work 

funded by the OAST base R&T program w i l l  be transferred t o  Pathfinder Surface 

Power. 

improving the photon s t a b i l i t y  o f  the cel ls .  

terminated a t  the end of FY 1988, but w i l l  be continued under Pathfinder. 

A second g ran t ,  w i t h  the University of Arkansas, has the goal of 

I t  i s  currently scheduled t o  be 

The array structure element w i l l  be a cooperative effort  between LeRC and 

JPL. The expertise of b o t h  organiza t ions  will be utilized as  appropriate 

given LeRC strength i n  structures and JPL's strength i n  array design. 

In-house work will emphasize cell and blanket performance measurements and 

wil l  rely on existing equipment. Therefore, in-house purchases will  consist of 

minor equipment and supplies, w i t h  no i n d i v i d u a l  item likely t o  exceed $25,000. 

A support  service contractor (SSC) will be h i r e d  t o  support  cell  measurements. 

6.3.9 Resources 

Given i n  Table 6.3.9.1 are the estimated financial and human resources 

required t o  meet milestones and deliverables discussed above. 

resources are presented as net resources t h a n  can be directly applied t o  t h i s  

project element while human resources are presented as c i v i l  servant person 

years. 

The financial 
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6.4 Electrical Power Management 

6.4.1 Objective 

The objective of the Pathfinder 

Management (EPM) element i s  t o  deve 

mass, re l iable  components, c i rcui ts  

re l iable  surface power systems w i t h  

6.4.2 Just i f  ication 

Surface Power 

op the techno 

and operat ion 

reduced mass. 

Project Electrical Power 

ogy base fo r  advanced, low 

strategies leading t o  highly 

Present state-of-the-art technology for Electrical Power Management (EPM),  

as a p p l i e d  by the Space Station Freedom, has a specific mass of approximately 

110 kg/kW. I t  i s  expected t o  be even heavier i f  applieo directly, w i t h o u t  

modification, t o  a Lunar or Mars surface power system due t o  potentially 

larger distribution areas, wider divers'ity of loads, and more severe environ- 

mental conditions. The target of this element i s  t o  hold the specific mass a t  

110 kg/kW for  surface power systems and t o  identify methodologies fo r  reducing 

the specific mass of  the EPM system t o  the 55 kg/kW level. A t  the 110 kg/kW 

level, EPM has a major impact on system mass for  Martian applications, given 

advances i n  power generation and energy storage. A t  the 55 kg/kW level t h i s  

impact is  reduced t o  a manageable level. For Lunar surface mission, the impact 

i s  focused on i n s u r i n g  the proper coup l ing  of power generation t o  energy 

storage as well as both t o  the electrical  buss pe rmi t t i ng  reliable,  long-lived 

regenerative power system operation. 

base developed i n  th is  project element will be direct ly  applicable t o  both 

Lunar and Martian missions as well as t o  future c iv i l  missions i n  LEO, GEO and 

planetary probes. 

6.4.3 Related Activities 

I t  is anticipated that the technology 

The development of Electrical Power Management (EPM) subsystems f o r  

surface power applications will be an extension of previous work supporting 

past and present spacecraft missions and the Space Station Freedom. T h i s  will 
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provide a solid base to build on, but will need to be augmented to meet the 

new reauirements imposed by a surface power system. 

6.4.4 Technical Plan 

6.4.4.1 Approach 

The development process will be started by reviewing the state-of-the- 

art (SOA) of EPM used on Freedom and other existing and planned 

applications. The requirements for surface power will be investigated for 

Lunar and Mars missions to determine the applicability of the existing EPM 

technology and define where new technology will be required or can provide 

significant performance improvements. Having defined the technology 

requirements, approaches and conceptual designs will be formulated as a 

"roadmap" to how the technology could be developed and the expected gains 

conf i rmed. 

The next phase will be to develop and demonstrate the appropriate 

technologies. The present project covers only the conceptual design stage 

for 110 kg/kW surface power systems and verification of components needed 

to adapt the SOA technology to this application. Methodologies will be 

identified to obtain 55 kg/kW systems but no hardware development is 

anticipated. 

6.4.4.2 Thrusts 

Three attributes of the EPM subsystem will be addressed in three 

thrusts. 

Changes to the SOA EPM subsystem required by the application and by the 

new power generation and energy storage technologies will be developed for 

surface power. 

built by adapting the existing EPM technology to the new surface 

This first thrust will allow surface power systems to be 
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environment. 

subsystem masses, but rather to enable their application, and to prevent 

major mass escalation due to conditions outside their application window. 

Concepts for the reduction in mass by improvements in performance of 

It is not expected to significantly lower the existing 

the individual components, circuits, or subsystems will also be 

addressed. 

work. 

to bear on the unique rewirements of surface power. 

improvements may be in actual component mass, or in improved efficiency 

which allows smaller, lower mass systems. This Nil1 reduce the power 

generation, storage and EPM subsystem mass and also reduce heat rejection 

demands allowing for improved thermal management. 

This second thrust will build on past and present development 

It will be complementary to on-going programs by bringing the work 

The performance 

Reductions in mass while possible, must also provide for overall system 

reliability. Techniques such as: reducing the number of system 

components; improved component, circuit, or subsystem reliability leading 

to reduced redundancy requirements; fault tolerant components, circuits, 

and subsystems; fault prediction, detection, and simple diagnostics; and 

maintainability will be addressed. This third thrust will concentrate on 

the major mass escalation factors that occur in applying individual 

components to total subsystems. To obtain the reliability required, 

especially for man rating, the design approach used has been redundant, 

back-up systems. This increases the mass not only by the level of 

redundancy used (e.g., 3 to 4), but also by the added complexity and 

components needed to provide continuous system operation, fault detection 

and protection, switching between systems, and health monitoring of 

st and-by systems. 
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Major reduct ions i n  system mass could be obtained i f  tne l eve l  o f  

redundancy could be reduced. 

as i t s  weakest l i n k .  

technology o f  one or  two components i n  the  system. 

the  system and t h e i r  i n te rac t i on  must be considered. 

issues f o r  surface power systems w i l l  t here fore  be studied t o  i d e n t i f y  

weak l i n k s  and generic techniques such as f a u l t  to lerance t h a t  may be 

appl ied t o  the components and subsystem design. 

Unfortunately, the chain i s  only as strong 

Major gains cannot be had by addressing only  the  

A l l  the  elements o f  

The r e l i a b i l i t y  

I t i s  expected tha t  reducing redundancy w i l l  lead t o  quantum drops i n  

mass. The magnitude of  and the thresholds f o r  these drops w i l l  be 

i d e n t i f i e d  i n  a study along w i t h  the technology developments required. 

This  w i l l  provide a roadmap t o  the 55 kg/kW l e v e l  and assure tha t  the  

technology developed under t h i s  program t o  meet the 110 kg/kW targe t  i s  

cons is tent  w i t h  the  f u t u r e  needs f o r  55 kg/kW technology. 

6.4.5 Schedule 

The EPM element has been div ided i n t o  the three areas o f  (1 )  Power 

Condi t ioning (Components and C i rcu i ts ) ,  (2)  Power D is t r i bu t i on ,  and ( 3 )  User 

and Systems Requirements. As shown on the  schedule ( f i g .  6.4.5.1), these 

areas w i l l  each have a C r i t i c a l  Technology I d e n t i f i c a t i o n  (ana lys is )  phase and 

a C r i t i c a l  Technology Performance V e r i f i c a t i o n  (development and t e s t )  phase, 

The f i r s t  phase w i l l  s t a r t  w i t h  an assessment o f  appl icable state-of- the- 

a r t  technology and i d e n t i f y  new reauirements imposed by surface power 

app l i ca t i on  scenarios. Approaches w i l l  be developed and t rade studies w i l l  be 

performed t o  i d e n t i f y  the c r i t i c a l  technologies. 

f o r  110 kg/kW and 55 kg/kW EPM systems w i l l  be i d e n t i f i e d  i n  FY91 w i t h  a 

system arch i tec tu re  selected t o  be pursued i n  FY92. 

The c r i t i c a l  technologies 

I n  t h i s  process the  power 
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c o n d i t i o n i n g  components wi l l  be addressed f i r s t  followed by the power 

distribution element. The major work on the user and system interfaces i s  

scheduled 6 t o  12  months later t o  allow the other subsystems, and their 

interfaces, t o  be defined. 

segmented i n t o  discrete blocks of time, i n  reality th i s  analysis must treat 

the whole system as an integrated element. 

how the major task efforts will be focused during t h a t  time interval. 

The second phase will a lso involve the three work areas of Power 

A l t h o u g h  the schedule shows the major efforts as 

The times blocks shown represent 

C o n d i t i o n i n g ,  Power Distribution, and User and System Interfaces. Each has 

tasks of prototype development, test equipment development, and verification 

testing. 

result of the f i r s t  analysis phase, bu t  the major thrusts shown are expected 

t o  remain the same. An effort i n  h i g h  power density electronic i s  projected 

i n  the schedule under the Power C o n d i t i o n i n g  work area. 

power components and assemblies i s  presently constraining the desire for 

smal 1 ,  1 i g h t  component designs. 

The schedule shown ( f i g .  6.4.5.1) i s  expected t o  be modifiea as a 

Removing heat from 

Techni ques such as m i  cro-channel coolers, 

being developed fo r  h i g h  density d i g i t a l  electronics, would be applied t o  the 

surface power system. 

require a m i n i m u m  of spare parts will be developed under the Power 

Distribution work area. 

amorphous photovoltaic array would be developed under the User and System 

Interfaces area. 

technologies required f o r  a 110 kg/kWe surface power management subsystem. 

EPM architectures t h a t  allow easy reconfiguration and 

The u n i q u e  interfaces t o  the regenerative fuel and 

The result would be demonstration o f  the critical 

6.4.6 Facilities 

The EPM technology development project s h o u l d  require no new facil i t ies.  
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I t  i s  anticipated t h a t  the work w i l l  be accomplished by applying on-going 

programs i n  existing or  developing government or industrial f a c i l i t i e s  t o  the 

special needs of h i g h  power density surface power. By leveraging these 

programs, the major expense of new f a c i l i t i e s  will  be avoided, w i t h  only 

up-grade t o  existing equipment, o r  unique new equipment required. 

6.4.7 Deliverables 

The effor t  i n  the EPM element of Pathfinder Surface Power will  result  i n  a 

roadmap fo r  the development of electrical  power management f o r  surface power 

systems w i t n  a specific mass of approximately 55 kg/kWe. 

technologies will be developed and demonstrated t o  allow a specific mass of 

110 kg/kWe, i.e., the same as f o r  Space S t a t i o n  Freedom, b u t  modified for t h i s  

new envi ronment . 

The c r i t i ca l  

6.4.8 Procurement Approach 

The work will be accomplished using contracts of two forms. Existing 

support service contracts will be used t o  supply personnel f o r  the project. 

Support  service contractors wi l l  be used i n  the study ef for t s  and help perform 

and manage the technology department. 

contracted effor ts  will be made t o  extend t e r r e s t r i a l  h i g h  power density work 

t o  surface applications and apply space technology being developed fo r  other 

Addenda t o  existing and future 

applications t o  the surface power system. 

6.4.9 Resource Allocation 

The financial and human resources are shown i n  Figure 6.4.9.1. The 

The c iv i l  project will b u i l d  t o  a peak funding  level o f  $600K i n  FY93. 

servant personnel count a l so  increases t o  a projected 1.5 P-Y level. 

financial resources are presented as net resources t h a t  can be d i rec t ly  

applied t o  t h i s  project element while human resources are presented as c iv i l  

The 

servant person years. 
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7. LONG RANGE PLANS 

The long range plans f o r  Pathfinder Surface Power element encompasses a 

Phase I1 per iod from 1994 t o  1998. 

technology advances t h a t  have occurred dur ing the f i r s t  f i v e  years o f  Phase I 

and extends them through a progressively higher l e v e l  o f  i n t e g r a t i o n  o f  

var ious components i n t o  subsystems, and subsystems i n t o  systems. 

7.1 Object ive 

The a c t i v i t i e s  described below bu i l ds  upon 

The ob jec t i ve  of t h i s  l a t t e r  phase o f  the  Pathfinder Surface Power element 

i s  a demonstration o f  system performance i n  a re levant  environment. 

7.2. Amroach 

During the second phase o f  t he  Pathfinder Surface Power Program, each 

subsystem w i l l  complete v a l i d a t i o n  a t  the  breadboard l eve l .  I n  power 

generation, t he  amorphous s i l i c o n  blanket w i l l  be in tegra ted  t o  an array 

s t ruc tu re  and tes ted  i n  a re levant  environment a t  the subscale leve l .  The 

RFC energy storage e f f o r t s  w i l l  be completed through the  stack and breadboard 

phase. 

generation, energy storage and load subsystems. 

The EPM subsystem performance w i l l  be va l idated us ing simulated power 

Concomitant w i t h  the  conclusion o f  subsystem breadboard tes t ing ,  system 

designs w i l l  be formulated, evaluated and implemented f o r  subscale system 

tes ts .  These tests ,  i n  a su i tab le  environment, w i l l  conf i rm performance, l i f e  

and r e l i a b i l i t y  on a systems level .  

7.3 D e l i  verables 

The de l i verab les  i n  the  second phase o f  t he  Pathf inder Surface Power 

p r o j e c t  w i l l  encompass completion o f  subsystem breadboard evaluat ion as we l l  

as system performance v e r i f i c a t i o n  . 
breadboard demonstrations of subsystems w i l l  be completed. 

Phase 11, subsystem breadboards w i  11 have been modif ied and incorporated i n t o  
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I n  t h e  middle o f  the  Phase I1 e f f o r t  a l l  

By the  end o f  



a system. T h i s  system will be evaluated and validated t o  meet system 

performance goals. 

power system and an 8 W/kg Martian power system, b o t h  having l i f e  and 

re1 iab i l  i t y  a t t r ibu tes  compatible w i t h  mission requirements. 

7.4 Resource Estimates 

The goals, a s  presently envisioned, are a 3 W/kg Lunar 

The financial resources required t o  meet the future planned objectives 

will be dominated by the environmental simulator. I t  i s  expected that  $15M 

per year (1989 $1 for  about two years will  be required to  complete breadboard 

performance and l i f e  t e s t s  of subsystems. However, $20M t o  $25M per year wi l l  

be required t o  design, fabricate and t e s t  a system by 1998. The environmental 

chamber i s  not included i n  these estimates since i t  is  expected t o  be a major 

CofF act ivi ty .  If the chamber is no t  available, the required system validation 

t e s t s  and associated system analysis results wi l l  seriously erode confidence 

i n projected performance, 1 if e and re1 i abi  1 i t y  of a sol ar-based surf ace power 

system. 
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The techno 

numerical rank 

8.0 Technology Readiness Level 

ogy readiness leve l  and the associated d e f i n i t i o n s  o f  the 

ng are given i n  f igure and t a b l e  8. I. 

The surface power system i s  composed o f  three subsystems, i.e., power 

generation, energy storage and e l e c t r i c a l  power management. Each subsystem i s  

composed o f  various hardware components and elements. Therefore, t o  formulate 

a comprehensive estimate o f  the  technology readiness of a surface power 

system, f igure  and tab le  8.1 del ineates the  readiness l eve l  o f  each 

subsystem's elements. Each element's readiness l e v e l  est imate i s  judged 

s u f f i c i e n t  fo r  the desired subsystem readiness leve l  which i n  t u r n  i s  

s u f f i c i e n t  f o r  the desired system readiness l eve l .  

As shown i n  f i gu re  and tab le  8.1, there e x i s t s  a d e l t a  t i m e  per iod  between 

the  readiness l e v e l  o f  elements, subsystems and system. In teg ra t i ng  elements 

i n t o  a subsystem and u l t i m a t e l y  in to  a system and a t  the same t ime 

sequent ia l l y  demonstrating acceptable performance i s  not  an instantaneous 

a c t i v i t y ,  

The goal o f  Pathf inder Surface Power i s  t o  a t t a i n  a readiness l eve l  o f  6 

This requires an appropr iate readiness l e v e l  f o r  each f o r  t he  power system. 

subsystem and i t s  elements. 

w i th  a low readiness l e v e l  i n  1989 and progress t o  a h igh readiness l e v e l  by 

1993. Others s t a r t  out low and remain low u n t i l  a f t e r  1993. I n  the  case o f  

PV st ructures,  the  low readiness leve l  i n  1993 i s  due t o  a p r i o r i t y  choice 

which d i r e c t s  an in tense e f f o r t  i n  PV c e l l s  and blankets as precursors t o  

s t ruc tu re  ef for ts .  Also, the  novel PV s t ruc tures  may no t  be a d i f f i c u l t  

design issue and may qu ick l y  advance beyond the  t h i r d  l e v e l  o f  readiness 

Some o f  the elements shown i n  f i g u r e  8.1 s t a r t  

dur ing the  second phase o f  t h i s  pro ject .  
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The RFC reactant storage technology level i s  low at the end of 1993, a g a i n  

because of a f i x i n g  of pr ior i t ies .  The diff icul ty  i n  r a i s i n g  th i s  technology 

t o  a level of 5 o r  6 i s  not envisioned as a d i f f icu l t  technology issue b u t  an 

engineering issue. 

advances t o  occur i n  Phase I1 when the RFC breadboard t e s t s  begin. 

Therefore, efforts i n  t h i s  area were delayed w i t h  major 

In the area of e lectr ical  power management (EPM), the technology readiness 

i s  low and remains low i n  1993. During the f i r s t  phase of the project a 

decision was made to concentrate on power generation and energy storage. 

wi l l  aid i n  directing these effor ts  b u t  a t  a very h i g h  level. 

and  t e s t s  of EPM elements are delayed u n t i l  Phase I1 where i t  i s  expected that 

users will  have been defined and performance of the amorphous sil icon PV array 

and R F C  subsystems established. 

aggressively pursued raising i ts  technology readiness level. 

EPM 

Detail design 

A t  t h i s  point the EPM subsystem can be 

On t h e  subsystem level, a technology readiness of 6 is  expected for  a l l  

subsystems by 1996 when a l l  breadboard e f for t s  are completed. Efforts i n  the 

l a t e r  part of Phase I1 should yield a level 6 readiness level af ter  the 

integrated system completes i t s  t es t s  i n  a suitable environmental chamber. 

In conclusion, the technical readiness level advancements of elements and 

subsystems at  the 2 t o  3 level t o  a system level of 6 i s  strongly dependent on 

technology accomplishments d u r i n g  the intervening years between 1989 and 

1998. The readiness level predictions are predicated on a h i g h  risk, success 

oriented project w i t h  adeauate and timely support for a l l  elements of a 

solar-based surface power system. 
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9.0 Figures and Tables 

A1 1 appropri a t e  f i gures and tables are presented here w i t h  i nnumerat ions 

compatible with t e x t  sections. 
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TABLE 6.2.4.2.1 

REGENERATIVE FUEL CELL (RFC) 5-YEAR PROGRAM 
DEClSlONSlMlLESTONES 

(LEVEL 4) 
[DECISION POINTS) 

(A) IDENTIFY CANDIDATE FUEL CELL AND ELECTROLYZER CELL TECHNOLOGIES 
FOR FURTHER DEVELOPMENT 

(B) SELECT MATERIALS FOR DEVELOPMENT OF ADVANCED FUEL CELL 
CATALYST LAYERS 

( c )  FUEL CELL WASTE HEAT AND WATER REMOVAL CONCEPT SELECTED 

D) SELECT FUEL CELL AND ELECTROLYZER CELL TECHNOLOGY FOR 
PROTOTYPE DEVELOPMENT 

DECISION ( 
POINT 

IMILESTONFS) 

(1 ) PRELIMINARY CATALYST AND MATRIX DEVELOPMENT COMPLETE, FINAL 
CANDIDATES SELECTED FOR SUBSCALE CELL DEVELOPMENT 

(2) FUEL CELL REPEAT PART COMPONENTS DEVELOPED, (ELECTRODES, BIPOLAR 
PLATES) READY FOR EVALUATION IN SUBSCALE CELLS 

(3) HIGH PRESSURE ELECTROLYZER CELL REPEAT PART COMPONENTS DEVELOPED 
(ELECTRODES, FLOW FIELDS), READY FOR EVALUATION IN SUBSCALE CELLS 

(4) ELECTROCATALYST AND MATRIX DEVELOPMENT COMPLETE, READY FOR 
PROTOTYPE CELL DEVELOPMENT 

(5) FUEL CELL WASTE HEAT AND WATER REMOVAL CONCEPT DEVELOPED AND 
EVALUATED 

"MAIoR 
MILESTONE (6) FUEL CELL CONFIGURATION VERIFIED BY SUBSCALE SINGLE CELL TESTS 

(7) ELECTROLYZER CELL CONFIGURATION VERIFIED BY SUBSCALE SINGLE CELL TESTS 

"MAJOR 
M'lESTONE 

(8) SINGLE, FUEL AREA PROTOTYPE CONFIGURATION FUEL CELL AND FULL AREA 

(9) FULL SCALE PROTOTYPE FUEL CELL AND ELECTROLYZER STACKS TESTED 

PROTOTYPE CONFIGURATION ELECTROLYZER CELL TESTED 

MILESTONE 

(1 0) SELECT CANDIDATE LIGHTWEtGHT TANKAGE MATERIALS AND CONFIGURATIONS 
FOR SCALE-UPEVALUATION 

(1 1) PROTOTYPE RFC SYSTEM BREADBOARD DESIGN CONCEPTUALIZED 

(12) PROTOTYPE RFC SYSTEM BREADBOARD DEVELOPMENT INITIALIZED 
JMB88-008.2 
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TABLE 6.2.4.2.a.l 

REGENERATIVE FUEL CELL (RFC) 
5-YEAR PROGRAM SCHEDULE 

REGENERATIVE FUEL CELL TECHNOLOGY DEVELOPMENT MILESTONES 
(LEVEL 5) 

ASSESSMENT OF POLY ELECTROLYTE MEMBRANE (PEM) TECHNOLOGY COMPLETE 

CANDIDATE CELL TECHNOLOGY AND RISK ASSESSMENT COMPLETE 

SYSTEM ASSESSMENT/TRADE STUDY COMPLETE 

ADVANCED FUEL CELL CATALYST DEVELOPMENT COMPLETE 

ADVANCED FUEL CELL ELECTRODE DEVELOPEDNERIFIED 

CELL STRUCTURAL REPEAT PARTS DEVELOPMENT COMPLETE, CELL 
CONFIGURATION DEFINED 

SUBSCALE (2" X 2") TEST FUEL CELL FABRICATED 

SUBSCALE FUEL CELL CONFIGURATION VERIFIED 

HIGH PRESSURE VAPOR FEED ELECTROLYZER TECHNOLOGY DEVELOPED 

ELECTROLYZER CELL STRUCTURAL PARTS DEVELOPMENT COMPLETE 
CONFIGURATION DEFINED 

SUBSCALE ELECTROLYZER TEST CELLS FABRICATED 

SUBSCALE ELECTROLYZER CONFIGURATION VERIFIED 

FUEL CELL CATALYST SUPPORTS DEVELOPED 

INDEPENDENT EVALUATION OF ADVANCED ELECTRODES COMPLETE 

CANDIDATE ELECTROLMER AND FUEL CELL STRUCTURAL MATERIALS 
IDENTIFIED 

INDEPENDENT EVALUATION OF ELECTROLMER AND FUEL CELL STRUCTURAL 
COMPONENTS COMPLETE 

PASSIVE FUEL CELL HEAT AND WATER REMOVAL CONCEPTS SELECTED 

INDEPENDENT VERIFICATION OF FUEL CELL PASSIVE HEAT AND WATER REMOVAL 
CONCEPT COMPLETE 

PROTOTYPE SYSTEM HEAT AND WATER REMOVAL COMPONENTS VERIFIED 

JMB88-008.3 
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TABLE 6.2.4.2.b.l 

REGENERATIVE FUEL CELL (RFC) 
5-YEAR PROGRAM SCHEDULE 

REGENERATIVE FUEL CELL CRITICAL SUBSYSTEM DEVELOPMENT 
AND VERIFICATION MILESTONES (LEVEL 5) 

PRELIMINARY FULL AREA FUEL CELL DESIGN COMPLETE 

FUEL CELL REPEAT COMPONENTS DEVELOPED AND VERIFIED 

FUEL CELL HEAT AND WATER REMOVAL COMPONENTS DEVELOPED 

FULL AREA FUEL CELL DESIGN FINALIZED 

FULL AREA FUEL CELL TEST AND EVALUATION COMPLETE 

PRELIMINARY FULL AREA ELECTROLYZER CELL DESIGN COMPLETE 

ELECTROLYZER CELL COMPONENT DEVELOPMENT COMPLETE 

FULL AREA ELECTROLYZER CELL DESIGN COMPLETE 

FULL AREA ELECTROLYZER CELL TEST AND EVALUATION COMPLETE 

PROTOTYPE FUEL CELL STACK COMPONENT DEVELOPMENT COMPLETE 

PROTOTYPE FUEL CELL STACK DESIGN COMPLETE 

PROTOTYPE FUEL CELL STACK FABRICATED 

PROTOTYPE FUEL CELL STACKTEST/EVALUATION COMPLETE 

PROTOTYPE ELECTROLYZER STACK COMPONENT DEVELOPMENT COMPLETE 

PROTOTYPE ELECTROLYZER STACK DESIGN COMPLETE 

PROTOTYPE ELECTROLYZER STACK FABRICATED 

PROTOTYPE ELECTROLYZER STACK TEST AND EVALUATION COMPLETE 

COMPOSITE REACTANT TANK MATERIALS EVALUATION COMPLETE, 
MATERIALS SELECTED FOR SCALE-UP 

SUBSCALE REACTANT TANK TESTS INITIATED 
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TAB LE 6.2.4.2. c. I 

REGENERATIVE FUEL CELL 5-YEAR PROGRAM SCHEDULE 

(1) SYSTEM COMPONENT PRELIMINARY DESIGN REQUIREMENTS DEFINED 

(2) SYSTEM COMPONENT DESIGN REQUIREMENTS FINALIZED 

(3) SYSTEM PRELIMINARY CONCEPTIAL DESIGN COMPLETE 

(4) SYSTEM CONCEPTUAL DESIGN FINALIZED 

(5) LONG LEAD COMPONENT/DEVELOPMENT ACTIVITIES IDENTIFIED 
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. 
TABLE 6.3.5.1 

MILESTONES 

*mAIoR MILESTONE ( 1) ESTABLISH BASELINE AMORPHOUS SILICON CELL PERFORMANCE 

(2) BASELINE RADIATON AND PHOTON PERFORMANCE EFFECTS 

(3) INITIATE AMORPHOUS SILICON CELLBLANKET CONTRACTS 

(4) CHOOSE LIGHTWEIGHT BLANKET DESIGN 

(5) FINAL BLANKET DESIGN 

(6) SELECTION OF BLANKET SUBSTRATE MATERIAL 

(7) ASSEMBLY OF PROTOTYPE BLANKET 

"MA"R MILESTONE (8) PROTOTYPE DEMONSTRATION OF BLANKET TECHNOLOGY 

(9) THERMAL CYCLING TESTS OF BLANKET STRUCTURE 

(1 0) COMPLETE RADIATION SENSITIVITY TESTS 

(1 1) INITIATE ARRAY STRUCTURE DESIGN STUDIES 

(12) COMPLETE ANALYSIS TO DETERMINE OPTIMUM LIGHTWEIGHT ARRAY 
STRUCTURE 

(1 3) CHOOSE STRUCTURE CONCEPT 

(14) PERFORM CRITICAL WEIGHT ANALYSIS ON ARRAY STRUCTURE 

(15) INTEGRATE BLANKET AND ARRAY STRUCTURE DESIGNS 

(16) SELECT COMPONENT DESIGNS 

(1 7) VERIFY CRITICAL ARRAY STRUCTURE COMPONENT PERFORMANCE 

MILESTONE 
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TABLE 8.1 
DEFINITION OF TECHNOLOGY READINESS LEVELS 

LEVEL 1 

LEVEL 2 

LEVEL 3 

LEVEL 4 

LEVEL 5 

BASIC PRINCIPLES OBSERVED AND REPORTED 
THIS LEVEL OF TECHNOLOGY READINESS IS THE EARLIEST STAGES OF BASIC 
RESEARCH, WHERE PHYSICAL PRINCIPALS - SUCH AS THE MELTING POINT OF 
SOME MATERIAL - HAS BEEN ESTABLISHED. 

TECHNOLOGY CONCEPT AND/OR APPLICATION FORMULATED 
THIS LEVEL OF READINESS IS THE STAGE IN RESEARCH AND TECHNOLOGY AT 
WHICH BASIC CONCEPTS ARE INCORPORATED INTO CONCEPTS FOR ENGINEERING 
HARDWARE AND/OR SOFTWARE, AND RESEARCH BEGINS TO DETERMINE 
WHETHER OR NOT SUCH APPLICATIONS CONCEPTS ARE FEASIBLE. 

ANALYTICAL AND EXPERIMENTAL CRITICAL FUNCTION AND/OR CHARACTERISTIC 
PROOF-OF-CONCEPT 

THIS LEVEL OF READINESS IS THAT STAGE IN RESEARCH AND TECHNOLOGY AT 
WHICH CRITICAL FUNCTIONS ARE PROVEN FOR ENGINEERING HARDWARE AND/OR 

ANALYTICAL (FOR EXAMPLE, WITH VALIDATED COMPUTER MODELING) OR 
SOFTWARE CONCEPTS. THIS "PROOF-OF-CONCEPT" COULD BE EITHER 

EXPERIMENTAL (FOR EXAMPLE, IN A BENCH-TOP LABORATORY EXPERIMENT). 

COMPONENT AND/OR BREADBOARD VALIDATION IN THE LABORATORY 

THIS LEVEL OF TECHNOLOGY READINESS IS THAT STAGE IN TECHNOLOGY 
DEVELOMENT AT WHICH ENGINEERING HARDWARE AND/OR SOrrWARE CONCEPTS 
HAVE BEEN FABRICATED INTO A WORKING "COMPONENT" OR "BREADBOARD." 
AT THIS STAGE, THE PERFORMANCE OF THAT COMPONENT OR BREADBOARD 
HAS BEEN VALIDATED IN A "LABORATORY" ENVIRONMENT AGAINST SOME 
PRE-DETERMINED PERFORMANCE OBJECTIVES. 

COMPONENT AND/OR BREADBOARD DEMONSTRATION IN A RELEVANT 
ENWRONMENT 

THIS LEVEL OF TECHNOLOGY READINESS IS THAT STAGE AT WHICH THE 
TECHNOLOGY DEVELOWENT PROCESS BEGINS TRANSITION INTO 
TECHNOLOGY DEMONSTRATION. AT THIS STAGE, COMPONENTS AND/OR 
BREADBOARDS THAT HAD PREVIOUSLY BEEN VALIDATED IN THE LABORATORY 
ARE TAKEN TO A RELEVANT ENVIRONMENT FOR VALIDATION. THIS MAY, IF 
REQUIRED, INCLUDE IN FLIGHT RESEARCH AND VALIDATION. 
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I LEVEL 6 

1 LEVEL 7 

SYSTEM VALIDATION MODEL DEMONSTRATED IN A SIMULATED ENVIRONMENT 

THIS LEVEL OF TECHNOLOGY READINESS IS THAT STAGE IN WHICH THE 
TECHNOLOGY DEMONSTRATION PROCESS HAS PROGRESSED FROM COMPONENTS 
AND BREADBOARDS, TO SYSTEM VALIDATION MODELS." THESE MODELS COULD 
INCORPORATE VARIOUS TECHNOLOGY COMPONENTS AND BREADBOARD 
SUBSYSTEMS, DEMONSTRATED IN AN INTEGRATED FASHION TO STUDY THE 
INTERACTIONS BEMlEEN TECHNOLOGIES. 

SYSTEM VALIDATION MODEL DEMONSTRATED IN SPACE 

THIS IS THE FINAL LEVEL OF TECHNOLOGY RESEARCH AND DEVELOPMENT. 
AT THIS STAGE, A SYSTEM VALIDATION MODEL, INCORPORATING VARIOUS 
TECHNOLOGY COMPONENTS AND BREADBOARD SUBSYSTEMS IS DEMONSTRATED 
IN SPACE. 
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